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SUMMARY 

I n  1979, t h e  Agency f o r  I n t e r n a t i o n a l  Development ( A I D )  i n i t i a t e d  a renew- 
a b l e  energy p r o j e c t  w i t h  t h e  Government o f  T u n i s i a  t o  develop an ' i n s t i t u t i o n a l  
c a p a b i l i t y  t o  p l a n  and i n s t i t u t e  renewable energy techno log ies  i n  a r u r a l  area.  
The s p e c i f i c  o b j e c t i v e  o f  t h e  d i s t r i c t  energy a p p l i c a t i o n s  s u b p r o j e c t  was t o  
demonstrate s o l a r  and wind energy systems i n  a r u r a l  v i l l a g e  s e t t i n g .  The NASA 

implement t h i s  s u b p r o j e c t .  
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I Lewis Research Center was asked by the A I D  Near East Bureau t o  manage and 
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The v i l l a g e  o f  Hammam Biadha Sud was s e l e c t e d  as t h e  demonstrat ion s i t e .  
The c e n t e r p i e c e  o f  t h e  demonstrat ion p r o j e c t  was a c e n t r a l  29-kW (peak)  photo-  
v o l t a i c  system used t o  p r o v i d e  power t o  t h e  homes and t o  t h e  commercial and 
i n s t i t u t i o n a l  b u i l d i n g s  i n  t h e  v i l l a g e .  Other systems a r e  a so la r -ene rgy  water  
hea te r  and a s o l a r  space-heat ing system f o r  t h e  v i l l a g e  c l i n i c ,  a p h o t o v o l t a i c -  
powered d r i p  i r r i g a t i o n  system f o r  o p e n - f i e l d  farming,  a pho tovo l ta i c -powered  
d r i p  i r r i g a t i o n  f o r  use i n  a greenhouse w i t h  thermal  s torage,  a wind-powered 
pumping system a l s o  f o r  use w i t h  a greenhouse w i t h  thermal  s torage,  and a 
p h o t o v o l t a i c  power system f o r  a farmhouse. 

A s  t h e  r e s u l t  o f  a c o m p e t i t i v e  procurement, NASA s e l e c t e d  t h e  S o l a r  Power 
C o r p o r a t i o n  o f  Woburn, Massachusetts f o r  t h e  p h o t o v o l t a i c  power systems. The 
systems were i n s t a l l e d  i n  e a r l y  1983. This  r e p o r t  c o n t a i n s  a d e t a i l e d  desc r ip - -  
t i o n  of  t h e  p r o j e c t  and o f  t h e  equipment. 

I N T R O O U C T l O N  AND BACKGROUND 

The o b j e c t i v e  o f  t h i s  renewable energy p r o j e c t  w i t h  t h e  Government o f  
T u n i s i a  (GOT) was t o  develop GOT i n s t i t u t i o n a l  c a p a b i l i t y  t o  p l a n  and implement 
energy p r o j e c t s  and t o  i n t r o d u c e  and t e s t  renewable energy techno log ies  i n  a 
r u r a l  area. The proposed ass i s tance  was aimed a t  e n a b l i n g  t h e  GOT t o  d e v i s e  
p lans  t h a t  would l e a d  t o  reduced dependency on f o s s i l  f u e l s  and i n c r e a s e  employ- 
ment o p p o r t u n i t i e s  i n  r u r a l  areas.  The A I D  P r o j e c t  Paper ( T u n i s i a  Renewable 
Energy P r o j e c t ,  P r o j e c t  Paper, A I D  P r o j e c t  No. 664-0325, J u l y  26, 1979).  which 
p r o v i d e d  t h e  bas i s  f o r  t h e  p r o j e c t ,  c a l l e d  f o r  two compl imentary a c t i v i t i e s :  
( 1 )  t h e  demonstrat ion o f  renewable energy techno log ies  i n  a r u r a l  a g r i c u l t u r a l  
s e t t i n g  and ( 2 )  va r ious  types o f  t r a i n i n g  t o  develop GOT c a p a b i l i t y  t o  determine 
where, when, and how renewable energy cou ld  be a p p l i e d  t o  f u t u r e  needs. 

As  s t a t e d  i n  r e f e r e n c e  1, t h i s  coopera t t ve  energy a s s i s t a n c e  program was 
under taken because o f  T u n i s i a ' s  need t o  i n c r e a s e  i t s  f o s s i l  f u e l  reserves 
and/or f i n d  a l t e r n a t i v e  energy sources t o  meet i t s  development goa ls .  I n  20 
t o  30 years T u n i s i a  w i l l  have t o  supply a minimum o f  20 p e r c e n t  o f  i t s  energy 
demands ( i . e . ,  app rox ima te l y  t h e  t o t a l  energy used i n  T u n i s i a  i n  1980) w i t h  



n o n f o s s i l  o r  imported f u e l s .  Also,  r u r a l  e l e c t r i f i c a t i o n  w i l l  n o t  occur as 
r a p i d l y  as necessary s o l e l y  th rough  t h e  c e n t r a l  g r i d  e x t e n s i o n  program. 
Meet ing t h e  r u r a l  e l e c t r i f i c a t i o n  goa ls  i s  cons idered necessary i f  T u n i s i a  i s .  
t o  c o n t i n u e  t o  make advances i n  economlc and s o c i a l  development and stem the  
r i s i n g  t i d e  o f  m i g r a t i o n  t o  l a r g e  c i t i e s .  F i n a l l y ,  es t ima tes  i n d i c a t e d  t h a t  
T u n i s i a  w i l l  become a n e t  i m p o r t e r  of f o s s i l  f u e l s  by t h e  l a t e  1980 's .  

Based on these c o n s i d e r a t i o n s ,  A I D  and t h e  GOT executed a p r o j e c t  g r a n t  
agreement f o r  t h e  Renewable Energies P r o j e c t  (The Renewable Energies P r o j e c t ,  
P r o j e c t  Grant  Agreement Between t h e  Republ ic  o f  T u n i s i a  and t h e  U n i t e d  S ta tes  
o f  America, A I D  P r o j e c t  No. 664-0325, Aug. 31, 1979). T h i s  agreement d e f i n e d  
t h e  goa l  and purpose o f  t h e  p r o j e c t  as f o l l o w s :  

The goal  o f  t h e  P r o j e c t  i s  t o  demonstrate t h e  economic, s o c i a l  
and t e c h n i c a l  v a l u e  o f  a l t e r n a t i v e  energy resources and techno log ies  
i n  a s s i s t i n g  development and i n  improv ing  t h e  q u a l i t y  o f  l i f e  i n  
T u n i s i a .  The scope o f  t h e  P r o j e c t  i s  l i m i t e d  t o  s e l e c t e d  areas o f  
t h e  economy and should be viewed as a f i r s t  s t e p  i n  implementat ion 
o f  a l t e r n a t i v e  energy sources f o r  T u n i s i a ' s  s o c i a l  and economic 
development programs. Th is  P r o j e c t  i s  designed t o  demonstrate t h e  
a b i l i t y  o f  a l t e r n a t i v e  energy resources o f  sun and wind and a l t e r n a -  
t i v e  energy technologies t o  meet t h e  energy needs o f  a v i l l a g e  and 
i t s  surroundlng a g r i c u l t u r a l  a c t i v i t i e s .  

The s p e c i f i c  purpose o f  t h e  P r o j e c t  I s  t o  p r o v i d e  i n f o r m a t i o n  t o  
T u n i s i a n  decis ion-makers t h a t  w i l l  a s s i s t  them i n  r e l a t i n g  economic 
and s o c i a l  development t o  energy a v a i l a b i l i t y .  

Also, t h e  P r o j e c t  should i n c r e a s e  t h e  understanding o f  T u n i s i a n  
decision-makers o f  t h e  l i m i t s  and va lue  o f  s e l e c t e d  renewable energy 
techno log ies  i n  o rde r  t o  g i v e  them t h e  c a p a c i t y  t o  dec ide  when and 
where they  should be i n t r o d u c e d  i n t o  r u r a l  economic development 
programs. 

A s  s t a t e d  above, t h e  p r o j e c t  was d i v i d e d  i n t o  two major  s u b p r o j e c t s :  
d i s t r i c t  energy a p p l i c a t i o n s  (demons t ra t i ons )  and t r a i n i n g .  l h i s  r e p o r t  dea ls  
o n l y  w i t h  t h e  hardware demonstrat ion phase and t h e  focused t r a i n i n g  a s s o c i a t e d  
w i t h  t h e  o p e r a t i o n  and maintenance o f  t h e  s o l a r  technology equipment 
demonstrated. 

D I S T R I C l  ENERGY APPLICAIIONS 

The s p e c i f i c  o b j e c t i v e  o f  t h e  d i s t r i c t  energy a p p l i c a t i o n s  s u b p r o j e c t  was 
t o  demonstrate the c a p a b i l i t y  o f  s o l a r  and wind techno logy  t o  pe r fo rm work and 
supply  t h e  minimum e l e c t r i c a l  s e r v i c e s  necessary i n  a v i l l a g e  and i n  r u r a l  
a g r i c u l t u r a l  s e t t l n g s .  The v i l l a g e  and d i s t r i c t  o f  Hassi  E1 F r i d ,  i n  south- 
c e n t r a l  T u n i s i a ,  was o r i g i n a l l y  chosen as t h e  demons t ra t i on  s i t e  b u t  was l a t e r  
abandoned i n  f a v o r  of Hammam Biadha i n  n o r t h - c e n t r a l  l u n i s i a .  As  o r i g i n a l l y  
env is ioned,  t h e  subpro jec t  i n c l u d e d  t h e  demons t ra t i on  o f  e i g h t  t echno log ies  f o r  
f o u r  major  a p p l i c a t i o n s .  The f i r s t  a p p l i c a t i o n  combined p h o t o v o l t a i c  water 
pumping w i t h  d r i p  i r r i g a t i o n  t o  o b t a i n  f a s t e r  g rowth  o f  young f r u i t  t r e e s  i n  a 
semia r id  r e g i o n .  Th is  a c t i v i t y  was aimed a t  a c h i e v i n g  t h e  most e f f i c i e n t  use 
o f  t h e  scarce water resource  and i d e n t i f y i n g  t h e  p o t e n t i a l  b e n e f i t s  o f  con- 
t r o l l e d  I r r i g a t i o n  t o  a r b o r i c u l t u r e .  The second a p p l i c a t i o n  i n v o l v e d  t h e  use 
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o f  s o l a r  thermal  technology i n  c o n j u n c t i o n  w i t h  a p a s s i v e  s o l a r  greenhouse t o  
p e r m i t  i nc reased  c r o p  y i e l d s  and an ex tens ion  o f  t h e  growing season. The t h i r d  
a p p l i c a t i o n  concerned t h e  pumping of water  f o r  t r a d i t i o n a l  i r r i g a t i n g  p r a c t i c e s  
by methods t h a t  do n o t  use f o s s i l  energy sources. The f o u r t h  a p p l i c a t i o n  was 
t o  p r o v i d e  l i g h t i n g  t o  homes, i n s t i t u t i o n s ,  and businesses, as w e l l  as hea t  f o r  
an i n f i r m a r y .  T h i s  a p p l i c a t i o n  was based on t h e  d e s i r e  t o  m in im ize  r u r a l - u r b a n  
m i g r a t i o n  and t o  c o n c e n t r a t e  people i n  v i l l a g e s  i n  c e n t r a l  T u n i s i a ,  t h e  t h e o r y  
be ing  t h a t  r u r a l  e l e c t r i f i c a t i o n  would h e l p  make v i l l a g e  l i f e  more a t t r a c t i v e .  

I n  a l e t t e r  dated September 28, 1979 f r o m  A l f r e d  D .  White, Deputy A s s i s t -  
a n t  A d m i n i s t r a t o r  f o r  A I D  Near East Bureau t o  Donald A .  B e a t t i e ,  NASA D i r e c t o r  
o f  Energy Systems, t h e  A I D  Near East Bureau requested t h a t  NASA manage t h e  
d i s t r i c t  energy a p p l i c a t i o n s  p o r t i o n  o f  t h e  T u n i s i a  Renewable Energy P r o j e c t  
( T R E P ) .  An e x i s t i n g  P a r t i c i p a t i n g  Agency S e r v i c e  Agreement (PASA No. NASA/DSB- 
5710-2-79, Amendment 3 )  between NASA and t h e  A I D  Bureau f o r  Development Support  
was amended t o  p r o v i d e  f o r  t h e  t e c h n i c a l  and management s e r v i c e s  o f  t h e  NASA 
Lewis Research Center f o r  t h i s  a c t i v i t y .  NASA Lewis was g i v e n  r e s p o n s i b i l i t y  
f o r  implement ing t h e  d i s t r i c t  energy a p p l i c a t i o n s  demonstrat ions ( i n  conjunc- 
t i o n  w i t h  A I D  and t h e  S o c i e t e  Tunls lenne de 1 ' E l e c t r l c l t e  e t  du Gaz ( S T E G ) ) ,  
w h i l e  A I D  r e t a i n e d  r e s p o n s i b i l i t y  f o r  t h e  t r a i n i n g  s u b p r o j e c t .  

PRElMPLEMENTAl I O N  PLANNING 

I n  December 1979, personnel  f r o m  Development Sciences, I n c .  (DSI) ,  t h e  
c o n s u l t i n g  c o n t r a c t o r  t o  A I D  f o r  development o f  t h e  p r o j e c t  paper ( T u n i s i a  
Renewable Energy P r o j e c t ,  F i n a l  Report ( C o n t r a c t  AID/DSAN-C-0039) Mar. 13, 
1979). and NASA Lewis v i s i t e d  Tun is ia  t o  ( 1 )  e s t a b l i s h  work ing  r e l a t j o n s h i p s  
w i t h  T u n i s i a n  c o u n t e r p a r t s  i n  STEG, ( 2 )  h o l d  i n i t i a l  coordination/organization 
meetings w i t h  AID/Tunis ia ,  STEG, and o t h e r  p a r t i c i p a t i n g  GOT m i n i s t r i e s ,  and 
( 3 )  conduct a p r e l i m i n a r y  s i t e  v i s i t .  The s i t e  f o r  t h e  proposed s o l a r  tech-  
no logy demonstrat ions was under review by the  GOT. Because o f  a l a c k  o f  
s u f f i c i e n t  w e l l  water  f o r  t h e  a g r i c u l t u r a l  aspects  o f  t h e  program a t  Hassl  E l  
F r i d ,  t h e  GOT was c o n s i d e r i n g  a new cand ida te  s i t e ,  Hammam Biadha Sud, l o c a t e d  
i n  n o r t h - c e n t r a l  T u n i s i a  ( f i g .  1 ) .  The r e s u l t s  o f  t h e  i n i t i a l  meet ings and 
s i t e  v i s i t  a r e  d e t a i l e d  by L.R. Scudder, e t  a l .  i n  T u n i s i a  Renewable Energy 
P r o j e c t  (NASA Team T r i p  Report Dec. 10-19, 1979, NASA l e r r e s t r i a l  P h o t o v o l t a i c  
P r o j e c t  O f f i c e  Document 4210-050, NASA Lewis Research Center,  Jan. 13, 1980).  
The major  recommendations a r e  summarized as f o l l o w s :  

( 1 )  That Harmam Biadha Sud be accepted as t h e  demonstrat ion s i t e  

( 2 )  That a r e v i s e d  p r o j e c t  cost  e s t i m a t e  be prepared by NASA based on t h e  
f i n d i n g s  o f  t h e  s i t e  v i s i t  and d i s c u s s i o n s  w i t h  t h e  A I D  and GO1 
o f f  1 c i a 1  s 

( 3 )  That a r e v i s e d  schedule, based on a new s i t e  and a p p l i c a t i o n  m i x ,  be 
accepted 

( 4 )  That a d e t a i l e d  s i t e  e v a l u a t i o n  be conducted by a team o f  s o l a r  and 
wind energy e x p e r t s  t o  f u r t h e r  d e f i n e  t h e  a p p r o p r i a t e  renewable energy 
a p p l i c a t i o n s ,  c u l m i n a t i n g  i n  a system conceptual  des ign  f o r  Hammam 
Biadha 
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( 5 )  That A I D  i s s u e  t h e  necessary fund ing  a u t h o r i z a t i o n  t o  NASA t o  p e r m i t  
c o n t i n u a t i o n  of  t h e  p r o j e c t  t h rough  t h e  p re imp lemen ta t l on  phase 

Recormendation 4 al lowed A I D  t o  w i t h h o l d  a f i n a l  d e c i s i o n  on t h e  p r o j e c t  scope 
u n t i l  a conceptual  des ign  and r e v i s e d  budget e s t i m a t e  were completed. Hammam 
Biadha was f o r m a l l y  proposed by STEG and accepted by A I D  as t h e  p r o j e c t  s i t e .  

A d e t a i l e d  s i t e  I n s p e c t i o n  was conducted i n  February and March 1980 by a 
team o f  s o l a r  technology e x p e r t s  f r o m  b o t h  government and i n d u s t r y  i n c l u d i n g  
U.S. and T u n i s i a n  p a r t i c i p a n t s .  The i n f o r m a t i o n  and d a t a  a s s i m i l a t e d  d u r i n g  
t h e  2-week s i t e  v i s i t  r e s u l t e d  i n  t h e  p r e p a r a t i o n  o f  a conceptual  des ign  o f  
t h e  proposed s o l a r  demonstrat ions (Conceptual  Design o f  S o l a r  Technology Demon- 
s t r a t i o n s  a t  Hammam Biadha Sud, NASA T e r r e s t r i a l  P h o t o v o l t a i c  P r o j e c t  O f f i c e  
Document 4210-52, May 7, 1980).  The concep tua l i zed  demonstrat ions a t  t h i s  
s tage c o n s i s t e d  o f  n i n e  a p p l i c a t i o n s  grouped acco rd ing  t o  t h e i r  f u n c t i o n  ( a g r i -  
c u l t u r a l  o r  v i l l a g e ) .  A g r i c u l t u r a l  a p p l i c a t i o n s  a r e  as f o l l o w s :  

( 1 )  Three so la r  greenhouses w i t h  thermal  s torage 

( 2 )  A wind-powered water  pump and d r i p  i r r i g a t i o n  system f o r  one o f  t h e  
greenhouses 

( 3 )  A p h o t o v o l t a i c  (PV)-powered d r i p  i r r i g a t i o n  system 
greenhouses 

( 4 )  A PV-powered d r i p  i r r i g a t i o n  system f o r  one o f  t h e  
f o r  an open f i e l d  

( 5 )  A wind-powered d r i p  I r r i g a t i o n  system f o r  an open 

f o r  one o f  t h e  

greenhouses and 

i e l d  

( 6 )  A PV power system f o r  domest ic fa rm needs (one s i t e )  

V i l l a g e  a p p l i c a t i o n s  a r e  as f o l l o w s :  

( 1 )  A c e n t r a l  PV system t o  s e r v i c e  t h e  r e s i d e n t i a l ,  commercial,  and 
p u b l i c  sectors  o f  t h e  v i l l a g e  

( 2 )  A s o l a r  hot water system f o r  t h e  v i l l a g e  c l i n i c  designed t o  p r o v i d e  a 
minimum o f  200 l i t e r s  o f  water  per  day a t  a minimum o u t l e t  temperature 
o f  48 "C 

( 3 )  A s o l a r  hea t ing  system designed t o  meet p a r t  o f  t h e  space h e a t i n g  
l o a d  o f  the c l i n i c  

F i g u r e  2 shows the l a y o u t  o f  Hammam Biadha Sud w i t h  systems l o c a t i o n s .  

Based on t h e  r e s u l t s  o f  t h e  conceptual  des ign  s tudy,  i t  was determined 
t h a t  wind resources a t  Harmam Biadha were n o t  s u f f i c i e n t  t o  p e r m i t  a meanlng- 
f u l  wind e l e c t r i c  a p p l i c a t i o n .  
mechanical pumps was i n c l u d e d  i n  t h e  i n i t i a l  des ign  concept .  The a g r i c u l t u r a l  
a p p l i c a t i o n s  cons is ted  o f  s o l a r  and wind techno log ies  used s e p a r a t e l y  and i n  
combinat ions on f a r m s  i n  t h e  near v i c i n i t y  o f  t h e  v i l l a g e .  The m i x  o f  proposed 
a p p l i c a t i o n s  was based on t h e  g r a n t  agreement requi rements and subsequent 
d i s c u s s i o n s  w i t h  STEG and t h e  M i n i s t r y  o f  A g r i c u l t u r e  pe rsonne l .  Some a p p l i c a -  
t i o n s  i n c l u d e d  technologies u n f a m i l i a r  t o  the  Hammam Biadha r e g i o n  (e .g . ,  PV 

However, water  pumping u s i n g  wind-powered 
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power, d r i p  i r r i g a t i o n ,  and greenhouses w i t h  thermal  s t o r a g e ) .  Other techno1 
og les  had been used i n  T u n i s i a ,  a l though n o t  a t  Hammam Biadha (e.g. ,  wind-  
powered water  pumping). The demonstrat ions were designed t o  t e s t  t h e  u t i l i t y  
o f  c e r t a i n  a l t e r n a t i v e  energy sources, under r u r a l  l i v i n g  c o n d i t i o n s  and 
a g r i c u l t u r a l  p r a c t i c e s  which e x i s t  a t  Hammam Biadha, i n  o r d e r  f o r  t h e  GOT t o  
determine t h e i r  impact on t h e  s o c i a l  and economic development o f  t h e  r e g i o n .  

The v i l l a g e  a p p l i c a t i o n s  were in tended t o  demonstrate t h e  f e a s i b i l i t y  o f  
renewable energy sources t o  s a t i s f y  bas i c  min imal  energy needs o f  t h e  v i l l a g e .  
S i z i n g  and c o s t  es t ima tes  f o r  t h e  PV system were based on an energy system 
which would accommodate t h e  bas i c  needs o f  t h e  p u b l i c  and commercial sec to rs  
and t h a t  p o r t i o n  o f  t h e  p r i v a t e  sector  which was a n t i c i p a t e d  t o  subsc r ibe  t o  
t h e  s e r v i c e  i n i t i a l l y .  Based on STEG's exper ience w i t h  r u r a l  e l e c t r i f i c a t i o n ,  
app rox ima te l y  30 pe rcen t  o f  t h e  r e s i d e n t s  subsc r ibe  i n i t i a l l y  when power i s  
made a v a i l a b l e .  A PV power system designed t o  meet these  c o n d i t i o n s ,  as w e l l  
as t h e  case o f  100-percent hookup by t h e  p r i v a t e  s e c t o r ,  was s i z e d  and c o s t -  
es t ima ted  f o r  t h e  conceptual  des ign.  The PV system s i z i n g  was based on a 
v i l l a g e  l o a d  p r o f i l e  compi led f rom data ob ta ined  by pe rsona l  i n t e r v i e w s  w i t h  
every homeowner. D e t a i l e d  d e s c r i p t i o n s  o f  t h e  v a r i o u s  systems, a l o n g  w i t h  t h e  
des ign  c r i t e r i a ,  assumptions, performance c r i t e r i a ,  e t c . ,  a r e  presented I n  t h e  
Conceptual Design o f  S o l a r  Technology Demonstrat ions a t  Hammam Biadha Sud, 
which l a t e r  served as t h e  b a s i s  f o r  t h e  system s p e c i f i c a t i o n s  and statements-. 
of-work f o r  c o n t r a c t  procurements. 

PROJECT I M P L E M E N l A T I O N  

N A S A  prepared a p r o j e c t  implementat ion p lan ,  which was approved i n  
September 1980 ( Imp lemen ta t i on  Plan f o r  D i s t r i c t  Energy Subpro jec t ,  NASA T e r -  
r e s t r i a l  P h o t o v o l t a i c  P r o j e c t  O f f i c e  Report  4210-053, N A S A  Lewis Research 
Center,  Sept. 1980).  The purpose o f  t h e  p l a n  was t o  e s t a b l i s h  t h e  procedures 
f o r  implement ing t h e  s o l a r  technology demonstrat ions and t o  i d e n t i f y  t h e  i n d i -  
v i d u a l  and combined r e s p o n s i b i l i t i e s  o f  a l l  p a r t i c i p a n t s  engaged i n  t h e  p r o j e c t .  
The p lan ,  i n  a d d i t i o n  t o  c o v e r i n g  t h e  resources and manpower es t ima tes ,  master 
schedule, and major m i les tones ,  a l s o  i n c l u d e s  a d e s c r i p t i o n  o f  each major imple-  
m e n t a t i o n  t a s k .  The i n t e r r e l a t i o n s h i p  o f  t h e  imp lemen ta t i on  tasks  a r e  d e p i c t e d  
i n  t h e  a c t i v i t y  f l o w  diagram shown i n  f i g u r e  3.  

The f i n a l  design, f a b r i c a t i o n ,  t e s t i n g ,  sh ipp ing ,  i n s t a l l a t i o n ,  and 
checkout o f  a l l  t h e  s o l a r  technology a p p l i c a t i o n s  were accomplished through 
c o n t r a c t s  w j t h  U.S. o r  T u n i s i a n  companies. N A S A ,  w i t h  invo lvement  o f  STEG, was 
r e s p o n s i b l e  f o r  t h e  procurement o f  the PV power systems f o r  t h e  v i l l a g e ,  t h e  
farmhouse, and t h e  d r i p  i r r i g a t i o n  a p p l i c a t i o n s  and a l l  o t h e r  U.S.-procured 
systems and hardware. STEG, w i th  t e c h n i c a l  a s s i s t a n c e  f rom NASA o r  N A S A -  
p r o v i d e d  c o n s u l t a n t s ,  was respons ib le  f o r  t h e  procurement o f  a l l  systems, 
hardware, and s e r v i c e s  f rom Tun is ian  c o n t r a c t o r s .  To ensure c o m p a t i b i l i t y  o f  
equipment and hardware, c l o s e  c o o r d i n a t i o n  was ma in ta ined  between NASA and 
STEG. To t h e  e x t e n t  p o s s i b l e ,  t h e  two agencies p a r t i c i p a t e d  j o i n t l y  i n  t h e  
p r e p a r a t i o n  of b i d d i n g  documents and t h e  e v a l u a t i o n  and s e l e c t i o n  o f  cont rac--  
t o r s .  A breakdown o f  t h e  major system components by source (U.S.  o r  l u n l s i a n )  
i s  shown i n  t a b l e  I .  

STEG had lead  r e s p o n s i b i l i t y  f o r  a l l  s i t e  p r e p a r a t i o n  and l o c a l  cons t ruc -  
t i o n ,  w i t h  t e c h n i c a l  a s s i s t a n c e  prov ided by NASA and/or N A S A  c o n t r a c t o r s  and 
c o n s u l t a n t s .  Wherever p o s s i b l e ,  l o c a l  T u n l s i a n  m a t e r i a l s ,  s u p p l i e s ,  and l a b o r  
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I 

I were employed. A minimum war ran ty  p e r i o d  o f  2 years was s p e c i f i e d  t o  cover 
a l l  c r i t i c a l  system components such as PV modules, b a t t e r i e s ,  i n v e r t e r s ,  e t c . ,  
w h i l e  STEG developed t h e  exper ience and i n - c o u n t r y  suppor t  i n f r a s t r u c t u r e  t o  
ope ra te  and m a i n t a i n  t h e  systems. 

BASELINE STUDY 

I n  accordance w i t h  t h e  A I D  p r o j e c t  e v a l u a t i o n  fo rma t ,  a b a s e l i n e  s tudy o f  
Hammam Biadha Sud was conducted by a STEG socioeconomist  t o  ( 1 )  determine t h e  
economic and s o c i a l  c h a r a c t e r i s t i c s  of t h e  p r o j e c t  reg ion ,  ( 2 )  p r e d i c t  t h e  
impact  o f  t h e  p r o j e c t  on t h e  p o p u l a t i o n ,  and ( 3 )  determine t h e  e x t e n t  t o  which 
t h e  p r o j e c t  goa ls  and o b j e c t i v e s  may be adopted by t h e  a f f e c t e d  I n h a b i t a n t s .  

Toward t h i s  end, STEG conducted a survey o f  t h e  f o l l o w i n g  l o c a l  and 
r e g i o n a l  a u t h o r i t i e s :  t h e  Omda, t h e  p r e s i d e n t  o f  t h e  p a r t y  c e l l  of Hammam 
Biadha, and t h e  delegate o f  K r i b  ( t h e  p r i n c i p l e  c i t y  I n  t h e  r e g i o n ) .  STEG a l s o  
conducted i n t e r v i e w s  w i t h  t h e  v i l l a g e  r e s i d e n t s  t o  c h a r a c t e r i z e  t h e i r  c u r r e n t  
l i f e s t y l e  and working condi t ions/methods as w e l l  as t o  e v a l u a t e  t h e  v i l l a g e  
asse ts  and needs. The b a s e l i n e  s tudy encompassed two reg ions :  ( 1 )  t h e  
s c a t t e r e d  reg ion ,  which c o n s i s t s  o f  t h e  p l a i n  su r round ing  t h e  v i l l a g e  (600 ha) 
and ( 2 )  t h e  compact r e g i o n  represented by t h e  v i l l a g e .  The r e s u l t s  o f  t h e  
s tudy  a r e  presented i n  Etude Socio-Economique du V i l l a g e  de Hammam Bladha Sud 
(STEG, T u n i s i a ,  Tun is ia ,  ER.HBS.01, Feb. 1980) .  The major  c o n c l u s i o n  o f  t h e  
s tudy i n d i c a t e d  t h a t  t h e  s i t e  was s u i t a b l e  f o r  t h e  p r o j e c t  based on t h e  f a c t o r s  
r e s t a t e d  as f o l l o w s :  

(1) The needs i n  t h e  domest ic,  commercial,  and p u b l i c  s e c t o r s  o f  t h e  
v i l l a g e  were n o t  too l a r g e  f o r  t h e  scope o f  t h e  proposed s o l a r  technology 
demonstrat ions.  

( 2 )  The v i l l a g e  and su r round ing  farms p rov ided  t h e  p o s s i b i l i t y  o f  accom- 
p l i s h i n g  t h e  a g r i c u l t u r a l  aspects  o f  t h e  p r o j e c t .  

( 3 )  The p r o j e c t  was w e l l  r e c e i v e d  by t h e  p o p u l a t i o n  and was "even c a l l e d  
s a l u t a r y . "  

( 4 )  E l e c t r i c i t y  was d e s i r e d  by t h e  v i l l a g e r s  f o r  t h e  f o l l o w i n g  f u n c t i o n s  
i n  t h e  o r d e r  o f  decreas ing p r i o r l t y :  l i g h t i n g ,  r e f r l g e r a t l o n ,  and t e l e v i s i o n .  
Heat ing,  I r o n i n g ,  and o t h e r  high--energy a p p l i c a t i o n s  were considered t o  be 
"super f l uous  l u x u r i e s "  by t h e  v i l l a g e r s ,  and hence t h e  e l e c t r i c i t y  demands 
would be w i t h i n  the range o f  t h e  p r o j e c t .  

( 5 )  The a u t h o r i t i e s  o f  t h e  r e g i o n  and t h e  p o p u l a t i o n  promised t h e i r  
suppor t  o f  t h e  p r o j e c t .  

I n  rega rd  t o  t h e  p r e d i c t e d  impact of t h e  p r o j e c t  on t h e  T u n i s i a n  r u r a l  
l i f e s t y l e ,  t h e  f o l l o w i n g  i n f o r m a t i o n  i s  paraphrased f r o m  Etude Socio-Economique 
du V i l l a g e  de Hammam Bladha Sud. The p r o j e c t  p a r t i c i p a n t s  ( u s e r s )  pe rce i ved  an 
improvement i n  the q u a l i t y  o f  l i f e  th rough  ( 1 )  b e t t e r ,  more r e s t f u l ,  c l e a n e r  
l i g h t s ,  ( 2 )  more means o f  d i s t r a c t i o n  and r e c r e a t i o n  v i a  t e l e v i s i o n ,  r a d i o ,  
music, e t c . ,  and ( 3 )  a b i l i t y  t o  make use of  equipment necessary f o r  more com- 
f o r t a b l e  l i v i n g  c o n d i t i o n s  ( e s p e c i a l l y  t h e  r e f r i g e r a t o r ) .  
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. 

C u l t u r a l  and educa t iona l  advantages c i t e d  as r e s u l t s  o f  e l e c t r i c i t y  
i n c l u d e d  b e t t e r  l i g h t s ,  which would encourage school  c h i l d r e n  t o  do homework 
I n  t h e  evenings, and r a d i o  and t e l e v l s i o n ,  which would i n c r e a s e  t h e  v i l l a g e r s '  
I n t e l l e c t u a l  l e v e l  by b r i n g i n g  them i n  c l o s e r  c o n t a c t  w i t h  t h e  r e s t  o f  t h e  
c o u n t r y  and t h e  wor ld .  
t i o n a l  TV programs. 

T e l e v l s l o n  would a l s o  g i v e  c h l l d r e n  access t o  educa- 

Since t h e  v i l l a g e r s  had been depr ived o f  access t o  t h e  n a t i o n a l  e l e c t r i c a l  
network,  t h e  s tand-a lone s o l a r  energy systems would g i v e  them t h e  s a t i s f a c t i o n  
o f  b e i n g  consldered on an equal  f o o t i n g  w i t h  t h e  r e s t  o f  t h e  c o u n t r y .  T h i s  
e q u a l i t y  was consldered a s o c i a l  advantage by t h e  s tudy.  A demographic advan- 
tage  o f  e l e c t r i c i t y  may be a lower ing o f  t h e  b i r t h  r a t e  th rough  t e l e v i s i o n  
f a m i l y  p l a n n i n g  programs. 

I n  a d d i t i o n  t o  t h e  advantages c i t e d ,  t h e  p r o j e c t  would c r e a t e  c e r t a i n  
problems. One example was t h e  problem o f  d e c i d i n g  who would b e n e f i t  f r o m  t h e  
e l e c t r i c i t y  and f rom t h e  r e l a t e d  a p p l i c a t i o n s  and who would n o t  b e n e f i t .  
Regardless o f  t h e  s e l e c t i o n  c r i t e r i a ,  t h e r e  would be d i s s a t i s f a c t i o n .  Th is  
problem was acu te  s i n c e  s o l a r  energy systems a re ,  by des ign,  l i m i t e d  i n  energy 
o u t p u t .  The concept o f  l i m i t e d  energy was understood and accepted i n i t i a l l y  
by t h e  i n h a b i t a n t s .  Everyone surveyed dec la red  t h a t  "he was ready t o  make do 
w i t h  t h e  minimum - enough t o  l i g h t  one lamp and a t e l e v i s i o n . ' '  L a t e r ,  a f t e r  
people exper ience t h e  advantages o f  e l e c t r i c i t y ,  t h e  s a t i s f a c t i o n  w i t h  l i m i t e d  
energy may be f o r g o t t e n  o r  r e j e c t e d .  The s tudy proposed t h a t  t h e r e  be con t inued  
e d u c a t i o n a l  programs aimed a t  m a i n t a i n i n g  t h e  i d e a  o f  s t r i c t  energy conserva- 
t i o n .  The s tudy a l s o  proposed t h a t  a c t i o n s  be taken t o  p reven t  a sys temat i c  
urban extens ion,  which would occur a t  t h e  expense o f  b o t h  t h e  p r o j e c t  and t h e  
area a g r i c u l t u r a l  p r o d u c t i o n  and which would encourage land  s p e c u l a t i o n .  

The Implementat ion Plan f o r  D i s t r i c t  Energy Subpro ject  c a l l s  f o r  p e r i o d i c  
f o l l o w u p  v i s i t s  t o  t h e  p r o j e c t  s i t e  t o  f u l l y  assess and e v a l u a t e  t h e  t e c h n i c a l ,  
s o c l a l ,  and economic impacts o f  t h e  p r o j e c t .  STEG was g i v e n  l e a d  r e s p o n s l b l l -  
i t y  f o r  t h e  o v e r a l l  p r o j e c t  e v a l u a t l o n  process, and t h e  reader  i s  r e f e r r e d  t o  
t h a t  o r g a n i z a t i o n  f o r  any f u r t h e r  i n f o r m a t i o n  on t h e  b a s e l i n e  s tudy o r  f o l l o w u p  
e v a l u a t i o n s  (Chef de P r o j e t - E n e r g i e s  Nouve l l es ,  Department P l a n l f l c a t i o n  e t  
Etudes Generales, 38 Rue Kemal A ta tu rk ,  T u n i s i a ,  T u n i s i a ) .  

CON1 RACT PHASE 

The c o n t r a c t i n g  r e s p o n s i b i l i t i e s  o f  NASA and STEG a r e  d e f i n e d  i n  t h e  
s e c t i o n  PROJECT IMPLEMENTATION. B a s i c a l l y ,  NASA was r e s p o n s i b l e  f o r  a l l  
m a t e r i a l s ,  equipment, and s e r v i c e s  procured f rom U.S. companies. STEG was 
r e s p o n s i b l e  f o r  a l l  i n - c o u n t r y  procurements and a l l  l o c a l  c o n s t r u c t i o n  and 
s i t e  p r e p a r a t i o n .  A l l  shipments o f  U.S.-procured goods were made under a 
government b i l l  o f  l a d l n g .  STEG, however, was r e s p o n s i b l e  f o r  c l e a r i n g  customs 
so t h a t  a l l  shlpments en te red  d u t y  f r e e  i n  accordance w i t h  t h e  p r o j e c t  g r a n t  
agreement, 

NASA, through an open c o m p e t i t i v e  procurement process, s e l e c t e d  t h e  S o l a r  
Power Corpo ra t i on  (SPC)  o f  Woburn, Massachusetts f o r  t h e  p h o t o v o l t a i c  power 
systems. The award was made on t h e  b a s i s  o f  a c o s t  share c o n t r a c t  w i t h  a 
government o p t l o n  f o r  a f i x e d - p r i c e ,  2 - y e a r  war ran ty  s e r v i c e .  The war ran ty  
s e r v i c e  covered a l l  major  systems, subsystems, and components and i s  t r a n s f e r -  
a b l e  w i t h  ownership o f  t he  equipment. T r iSo la rCorp  o f  Bedford,  Massachusetts 

7 



was t h e  major  subcon t rac to r .  
I n c .  and ESSO Tun ls ie .  The es t ima ted  c o n t r a c t  p e r i o d  was 1 year ;  however, 
app rox ima te l y  1-1/2 years elapsed between t h e  e f f e c t i v e  d a t e  of c o n t r a c t  and 
f i n a l  acceptance o f  t h e  systems i n  T u n l s l a .  Shipp ing,  custom c learance,  and 
s i t e  p r e p a r a t i o n  were major f a c t o r s  a f f e c t i n g  t h e  schedule.  

Other subcon t rac to rs  were Development Sciences, 

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  PV systems i s  presented i n  t h e  f o l l o w i n g  
sec t i  on. 

SYSTEM DESCRIPTION 

There a r e  f o u r  p h o t o v o l t a i c  (PV) power systems which supply e l e c t r i c i t y  t o  
Hammam Biadha Sud. These systems a r e  designed t o  generate e l e c t r i c i t y  f o r  t h e  
b a s i c  v i l l a g e  needs o f  l i g h t i n g ,  r e f r i g e r a t i o n ,  and water  pumplng. The f o u r  
systems i n c l u d e  the c e n t r a l  v i l l a g e ,  a remote farmhouse, a separate greenhouse, 
and an o rcha rd  o f  f r u i t  t r e e s  a t  t h e  farmhouse. Each of t h e  systems has a 
separate PV power supply, t h e  r e q u i r e d  s e t  o f  a u x i l i a r y  components, and a 
d i f f e r e n t  s e t  o f  e l e c t r i c a l  loads.  

The v i l l a g e  and farmhouse systems a r e  s i m i l a r  I n  t h a t  t hey  b o t h  c o n t a i n  
s to rage  b a t t e r i e s  f o r  backup supply  and i n v e r t e r s  t o  produce 220 V ac power. 
They d i f f e r  b a s i c a l l y  o n l y  i n  t h e i r  s i z e  and cho ice  o f  s p e c i f i c  components. 
The greenhouse and t h e  o rcha rd  pumping systems a r e  i d e n t i c a l .  
PV a r r a y  systems i s  designed t o  p r o v i d e  t h e  needed l o a d  based upon t h e  a v a i l -  
a b l e  i n s o l a t i o n  by season and t h e  e f f i c i e n c y  o f  t h e  PV a r r a y .  The b a t t e r y  
s to rage  subsystems f o r  t h e  v i l l a g e  and farmhouse a r e  designed t o  p r o v i d e  e l e c -  
t r l c i t y  d u r i n g  t h e  n i g h t  and on c loudy days. 
and t h e  b a t t e r y  bank a r e  matched t o  complement and supplement each o t h e r  
th rough  a power c o n t r o l  system i n  o rde r  t o  p r o v i d e  a p p r o p r i a t e  e l e c t r i c a l  
o u t p u t  over t h e  year. 

Each o f  t h e  f o u r  

I n  these two systems, t h e  a r r a y  

V i l l a g e  Power System 

The v i l l a g e  power system serves Hammam Biadha Sud's e l e c t r l c a l  needs f o r  
t h e  domest ic,  commercial, and p u b l i c  s e c t o r s .  The domest ic s e c t o r  i n c l u d e s  22 
houses w i t h  v a r y i n g  e l e c t r i c a l  demands f o r  l i g h t i n g ,  r e f r l g e r a t l o n ,  and t e l e -  
v i s i o n .  The commercial s e c t o r  c o n s i s t s  o f  t w o  g r o c e r y  s t o r e s ,  a m i l l ,  a c o f f e e  
shop, and a h a i r d r e s s e r .  F i n a l l y ,  t h e  p u b l i c  s e c t o r  i n c l u d e s  a v i l l a g e  h e a l t h  
c l i n i c ,  a school ,  a mosque, and a c u l t u r a l  c e n t e r ,  whlch r e q u i r e  v i l l a g e  e lec--  
t r i c l t y  f o r  outdoor and indoor  l i g h t i n g ,  r e f r l g e r a t i o n  and t e l e v i s i o n ;  and a 
pump f o r  t h e  p u b l i c  w e l l .  

These e l e c t r i c a l  requi rements a r e  s u p p l i e d  by t h e  P V  systems as shown I n  
f i g u r e  4. The system load  v a r i e s  f rom season t o  season as i d e n t i f i e d  I n  
t a b l e  11. 

The v i l l a g e  power system has a c a p a c i t y  o f  28.6 kWp (peak k i l o w a t t s )  
s u p p l i e d  by 840 PV modules. The nominal 120 V dc b a t t e r y  system c o n s i s t s  o f  
168 c e l l s  i n  3 s t r i n g s  o f  56 c e l l s  each w i t h  a t o t a l  s to rage  c a p a c i t y  of 
3060 amp-hours a t  a 16-hour d i scha rge  r a t e .  
nents  can be found i n  t h e i r  r e s p e c t i v e  d e s c r i p t i o n s  t h a t  f o l l o w  i n  t h e  s e c t i o n  
SUBSYSTEM AND COMPONENT D E S C R I P T I O N S .  

S p e c i f i c  d e t a i l s  on these compo- 
. 
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The o t h e r  major  components i n c l u d e  t h e  power c o n t r o l  system, t h e  i n v e r t e r ,  
and t h e  b a t t e r y  c o n t r o l  system ( f i g .  5 ) .  The power c o n t r o l  system i n c l u d e s  
t h e  maximum power c o n t r o l l e r s  ( M P C - P l O ) ,  which r e g u l a t e  t h e  cha rg ing  c u r r e n t s  
f rom t h e  a r r a y  t o  t h e  b a t t e r y .  The DECC v i l l a g e  i n v e r t e r  conve r t s  t h e  bus 
v o l t a g e  t o  220 V ac. Table I11 shows t h e  e l e c t r i c a l  energy which t h e  v i l l a g e  
and farmhouse systems can p r o v i d e .  

There I s  an e l e c t r i c i t y  supply p r i o r i t y  scheme among t h e  t h r e e  v i l l a g e  
s e c t o r s  which e s t a b l i s h e s  e s s e n t i a l  and n o n e s s e n t i a l  l oads .  Th is  p e r m i t s  
s e l e c t i v e  l o a d  shedding by t h e  b a t t e r y  c o n t r o l  system as r e q u i r e d  t o  p reven t  
excess ive b a t t e r y  d ischarge.  A s  i n i t i a l l y  designed, t h e  r e s i d e n t i a l  s e c t o r  i s  
shed f i r s t  a t  50-percent b a t t e r y  s ta te-of -charge (SOC) ,  t h e  comnerc la l  s e c t o r  
second a t  40-percent SOC, and t h e  p u b l i c  s e c t o r  l a s t  a t  30-percent SOC. How- 
ever ,  t h e  p r i o r i t y  l o a d  shed scheme a l l o w s  f o r  o t h e r  s e t t i n g s  as d e s i r e d .  

Farmhouse Power System 

The farmhouse system i n c l u d e s  one remote res idence  and i s  a s m a l l e r  ve r -  
s i o n  o f  t h e  v i l l a g e  system, w i t h  a c a p a b i l i t y  f o r  l i g h t s ,  r e f r i g e r a t i o n  ( i f  
d e s i r e d ) ,  and t e l e v i s i o n .  T h i s  system l o a d  a l s o  v a r i e s  w i t h  t h e  seasons as 
shown i n  t a b l e  I V .  The farmhouse e l e c t r i c  power requi rements a r e  s u p p l i e d  by 
a PV a r r a y  c o n t a i n i n g  42 PV modules i n  t h r e e  s t r i n g s  o f  14  modules each and 
capable o f  p roduc ing  1.4 kWp, and a b a t t e r y  c o n t a i n i n g  56 c e l l s  p roduc ing  a 
nominal  120 V dc w i t h  a c a p a c i t y  o f  250 amp-hours a t  a 16-hour d i scha rge  r a t e .  
A l-kW i n v e r t e r  (Abacus) conver t s  the dc bus v o l t a g e  t o  220 V ac t o  meet t h e  
farmhouse needs. The system has one p r i o r i t y  l e v e l  and i s  diagramed i n  
f i g u r e  6. 

Water Pumping Systems 

The two b a t t e r y l e s s  water  pumping systems a r e  l o c a t e d  a t  an o rcha rd  near 
t h e  remote farmhouse PV power system and a t  a greenhouse l o c a t e d  on a separa te  
farm. 
f o r  greenhouse vegetables and f r u i t  t r e e s .  

These systems a r e  used i n  c o n j u n c t i o n  w i t h  t h e  d r i p  i r r i g a t i o n  method 

The t w o  systems a r e  powered by b a t t e r y l e s s  42-module PV a r r a y s  w i t h  peak 
power c a p a c i t i e s  o f  1.4 kW each. A dc pump motor runs a t  a v a r i a b l e  speed as 
a f u n c t i o n  of t h e  i n s o l a t i o n  and t h e  dynamic head. The motor i s  d i r e c t l y  
coupled t o  t h e  v e r t i c a l  t u r b i n e  pump as shown s c h e m a t i c a l l y  i n  f i  u r e  7 .  The 

depending upon t h e  season o f  t h e  year and t h e  water depth,  which v a r i e s  f rom 6 
t o  18 m. 

o u t p u t  f rom each system has been est imated a t  app rox ima te l y  750 m 3 /month 

SUBSYSTEM AND COMPONENT D E S C R I P T I O N S  

T h i s  s e c t i o n  i n c l u d e s  d e s c r i p t i o n s  o f  t h e  b a s i c  subsystems w i t h  t h e i r  
r e s p e c t i v e  components. 
stood, i t  has been d i v i d e d  i n t o  four subsystems: ( 1 )  t h e  a r r a y  subsystem, ( 2 )  
t h e  c o n t r o l  subsystem, ( 3 )  t h e  b a t t e r y  subsystem, and ( 4 )  t h e  ac o u t p u t  subsys- 
tem. The i n t e r c o n n e c t i o n s  o f  these v i l l a g e  subsystems and t h e i r  components a r e  
shown i n  f i g u r e  8. Refer  t o  t h l s  diagram throughout  t h i s  s e c t i o n  t o  i d e n t i f y  

So t h a t  the v i l l a g e  power system can be f u l l y  under-  
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t h e  s p e c i f i c  component under d e s c r i p t i o n .  Where t h e  farmhouse system has s i m i -  
l a r  components w i t h  d i f f e r e n t  s p e c i f i c a t i o n s ,  t hese  components a r e  desc r ibed  
a long  w i t h  t h e  comparable v i l l a g e  u n i t s .  

P h o t o v o l t a i c  A r ray  

The p h o t o v o l t a i c  (PV) a r r a y  c o n s i s t s  o f  s e t s  o f  PV modules w i r e d  b o t h  i n  
s e r i e s  and i n  p a r a l l e l  t o  p r o v i d e  t h e  r e q u i r e d  v o l t a g e  and c u r r e n t .  U t i l i z i n g  
energy f r o m  t h e  sun, t h e  c e l l s  i n  t h e  modules produce e l e c t r i c i t y  t o  power t h e  
v i l l a g e  and o t h e r  systems i n  Hammam Biadha Sud. For t h e  v i l l a g e  and i s o l a t e d  
farmhouse systems, t h e  e l e c t r i c a l  energy i s  a l s o  used t o  charge t h e  b a t t e r i e s .  
I n  t h e  wa te r  pumping systems f o r  t h e  greenhouse and orchard,  t h e  e l e c t r i c a l  
energy s u p p l i e s  only t h e  dc motor .  

The PV a r r a y s  face  south a t  an a d j u s t a b l e  t i l t  ang le  designed t o  c a p t u r e  
t h e  most d i r e c t  sun. The summer optimum ang le  i s  20", and t h e  w i n t e r  optimum 
ang le  i s  50" measured f rom t h e  h o r i z o n t a l .  Th i s  ad justment  p r o v i d e s  an annual  
average o f  4.56 kWh/m2/day o r  4 pe rcen t  more than  a f i x e d  a r r a y  a t  t h e  
approximate l a t i  tude o f  Hammam Biadha Sud. 

PV Module 

The PV modules have a ha rd  g l a s s  cover designed t o  p r o t e c t  t h e  c e l l s  f r o m  
h a l l ,  r a i n ,  snow, and b low ing  sand ( f i g .  9 ) .  The module c o n s i s t s  o f  a sandwich 
o f  t h e  g l a s s  supers t ra te ,  c e l l s ,  i n t e r c o n n e c t s ,  t e r m i n a l s ,  j u n c t i o n  box, encap- 
s u l a n t ,  and back sheet. The p r o t e c t i v e  g l a s s  sheet and encapsulated c e l l s  a r e  
h e l d  i n  a suppor t  frame by a one-piece s i l i c o n e  gasket  which i s o l a t e s  t h e  
assembly f rom p o s s i b l e  shocks t r a n s m i t t e d  th rough  t h e  frame. Each module 
produces 35.1 Wp under s tandard c o n d i t i o n s  o f  temperature and i n s o l a t i o n .  

The So la r  Power Corp. SPC 6-361 PV module meets t h e  requi rements o f  t h e  
Department o f  Energy ( D O E )  S p e c i f i c a t i o n  5260-2 as m o d i f i e d  by t h e  U.S. A i r  
Force Aero Propuls ion Labora to ry  S p e c i f i c a t i o n  Sheet 79-01 dated November 1, 
1979. S p e c i f i c a l l y ,  t h e  module t e s t e d  ( 1 )  exceeds temperature requi rements 
o f  -40 t o  50 "C,  ( 2 )  meets thermal  c y c l i n g  and shock requi rements between - 4 0  
and 90 " C ,  and ( 3 )  exceeds t h e  2.5-cm h a i l  requi rement .  

I n  a d d i t i o n ,  measures have been taken t o  assure p r o t e c t i o n  o f  t h e  
e l e c t r i c a l  components f r o m  shock, h u m i d i t y ,  temperature f l u c t u a t i o n s ,  and 
u l t r a v i o l e t  r a d i a t i o n .  The PV modules should r e q u i r e  l i t t l e  o r  no maintenance. 

The c e l l  i n te rconnec ts  a r e  made o f  t i n n e d  copper f o i l  w i t h  s t r e s s  r e l i e f  
loops p e r m i t t i n g  a s a f e t y  marg in f o r  f a t i g u e  l o a d i n g  due t o  thermal  s t r e s s e s .  
Redundant i n te rconnec ts  enhance t h e  s u r v i v a b i l i t y  o f  t h e  module i n  t h e  event  o f  
i n t e r c o n n e c t i o n  loss.  The e l e c t r i c a l  t e r m i n a t i o n  i s  accompl ished by a neoprene- 
j a c k e t e d  c a b l e  w i t h  an env i ronmenta l  t y p e  connector .  

The i n d i v i d u a l  modules a r e  designed w i t h  36 c e l l s  i n  s e r i e s  and 2 bypass 
diodes, 1 across each group o f  18 c e l l s .  Bypass d iodes se rve  t o  p e r m i t  c u r r e n t  
t o  f l o w  th rough  the a r r a y  when one o r  more groups of c e l l s  has f a i l e d .  These 
t w o  bypass d iodes can m i t i g a t e  p o t e n t l a l  h o t  spo t  occurrences.  The dlodes a r e  
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sealed w i t h  t h e  env i ronmenta l  connectors i n  t h e  j u n c t i o n  box ( J - b o x )  p laced  a t  
t h e  r e a r  o f  t h e  modules. A l l  w l r i n g  and components i n  t h e  module J-box a r e  
p r o t e c t e d  f rom t h e  envlronment by uslng a Homoseal c o a t i n g .  

Panel Assembly . 
The modules were preassembled i n t o  panels  i n  t h e  U.S., seven modules i n  a 

panel ,  by u s i n g  ga lvan ized  s t e e l  s t r u c t u r a l  elements. The panels  a r e  supported 
on an e l e v a t e d  s t r u c t u r e  o f  ga lvanized s t e e l  p i p e s .  The panel  s t r u c t u r e  i s  
deslgned t o  w i t h s t a n d  heavy dead loads o r  snow loads,  as w e l l  as wind loads up 
t o  280 kph. 

Array W i r i n g  

The PV panel  l a y o u t s  a r e  shown I n  f i g u r e  10. The des ign  o b j e c t i v e s  o f  t h e  
w i r i n g  scheme a r e  as f o l l o w s :  

( 1 )  P a r a s i t i c  and dc w l r l n g  losses should be l e s s  than 2 pe rcen t .  

( 2 )  Vol tage and c u r r e n t  l e v e l s  should be compa t ib le  w i t h  t h e  maximum power 
c o n t r o l l e r  (MPC) i n p u t  requi rements.  

( 3 )  I n s t a l l a t i o n s  should be f r e e  f r o m  e l e c t r i c a l  hazards t o  o p e r a t i n g  
personnel .  

A l l  module cables a r e  terminated i n  env i ronmenta l  connectors .  I f  work 

I n d i v i d u a l  modules may then be d i scon -  
must be done w i t h i n  a s t r i n g  o r  group o f  modules, an a r r a y  s e c t i o n  can be 
d isconnected a t  t h e  a r r a y  swltchbox. 
nected f rom t h e  w l r i n g  harness as  requi red.  

As shown i n  f i g u r e  10, t h e  a r ray  i s  d i v i d e d  i n t o  f o u r  rows. Each row 
c o n s l s t s  o f  15 s t r i n g s .  The a r r a y  w l r l n g  i s  accompl ished as f o l l o w s :  

(1) Each module te rm ina tes  w i t h  a 30-cm p i g t a i l  equipped w i t h  a p l u g - i n  
connector .  

( 2 )  Fourteen modules ( two  panels)  c a l l e d  a s t r i n g  a r e  w i r e d  i n  s e r i e s  by 
p l u g g i n g  them I n t o  t h e  s u p p l i e d  w l r l n g  harness. 

( 3 )  The harnesses a r e  a t tached  t o  t h e  row w i r i n g  by u s i n g  w i r e  nu ts  
encased i n  an epoxy r e s i n .  

( 4 )  The row w i r l n g  i s  termlnated i n  t h e  row j u n c t i o n  box. There a r e  4 row 
J-boxes, one per  15 s t r i n g s .  

( 5 )  From t h e  r o w  J-boxes, t h e  wi res a r e  r u n  t o  t h e  a r r a y  swi tchbox i n  t h e  
c o n t r o l / b a t t e r y  house v i a  an underground c o n d u i t .  

Maximum Power C o n t r o l l e r s  

I n  o r d e r  t o  match t h e  o u t p u t  f r o m  t h e  s o l a r  a r r a y  t o  t h e  cha rg ing  r e q u i r e -  
ments o f  t h e  b a t t e r y  f o r  t h e  v i l l a g e  and t h e  farmhouse, a power c o n t r o l  system 
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I s  r e q u i r e d .  S i m i l a r l y ,  t o  power t h e  water  pumping motor systems, a c o n t r o l  
system I s  needed. The maln component o f  t h e  power c o n t r o l  system i s  t h e  
maximum power c o n t r o l l e r  (MPC). 

The MPC I s  a h i g h - e f f i c i e n c y  s w i t c h i n g  dc - to -dc  v o l t a g e  c o n v e r t e r .  I t  
conver t s  t h e  PV a r ray  v o l t a g e  from approx ima te l y  210 V dc t o  b a t t e r y  charge 
v o l t a g e  (112 t o  150 V d c ) .  
I n c r e a s i n g  t h e  e f f i c i e n c y  and r e l i a b i l i t y  o f  t h e  system, e s p e c i a l l y  I n  t h e  
c r i t i c a l  w i n t e r  months. 

T h i s  i s  a pe r fo rmance-op t im iz lng  procedure 

The dc-to-dc conver te rs  a r e  c o n t r o l l e d  f rom a c o n t r o l  board.  The c o n t r o l  
board causes t h e  conver te rs  t o  work a t  one dc v o l t a g e  r a t i o ,  no tes  t h e  o u t p u t  
power, changes the convers ion  r a t i o  s l i g h t l y ,  and notes t h e  power again.  The 
c o n t r o l  board then m o d i f i e s  I t s  s i g n a l  t o  move t h e  c o n v e r t e r s  i n t o  t h e  maximurn 
power range o f  the a r r a y .  Once t h e  c o n v e r t e r s  reach t h e  maximum power p o i n t ,  
t h e  c o n t r o l  u n i t  w i l l  h o l d  i t  cons tan t ,  v a r y i n g  o n l y  s l i g h t l y  f rom one s i d e  of  
t h e  maximum power p o i n t  t o  t h e  o t h e r .  

The c o n t r o l l e r  a l s o  i n c l u d e s  s p e c i a l  c i r c u i t r y  f o r  smooth, s low s t a r t u p  
and f o r  redundant p r o t e c t i o n  a g a i n s t  o v e r c u r r e n t  o r  o v e r v o l t a g e  a t  t h e  MPC 
charger  i n t e r f a c e  a t  t h e  b a t t e r y ,  f i g u r e  8. 

Each o f  t h e  f o u r  systems employs maximurn power c o n t r o l l e r s :  

( 1 )  The v i l l a g e  des ign i n c l u d e s  6 MPC-P10 MPC's ( f i g s .  l l ( a )  and ( b ) )  i n  
a p a r a l l e l  c o n f i g w a t i o n ,  each c o n t r o l l i n g  10 s t r i n g s .  These M P C ' s  a r e  s l a v e  
u n i t s ,  a c t i n g  independent ly ,  b u t  under t h e  c o n t r o l  o f  t h e  master b a t t e r y  
c o n t r o l  and d l s p l a y  box ( f i g .  1 2 ) .  

( 2 )  The farmhouse des ign  has 1 MPCB-P4 MPC ( f i g .  13)  f o r  t h e  4 2  PV modules 
i n  t h a t  a r r a y .  

( 3 )  The water pumping systems f o r  t h e  greenhouse and t h e  o rcha rd  each have 
1 MPC-P3 MPC f o r  the 42 PV modules i n  each o f  t h e  a r r a y s .  

The maximum power c o n t r o l l e r s  f o r  t h e  v i l l a g e  and t h e  farmhouse serve t o  
match t h e  o u t p u t  vo l tage  o f  t h e  s o l a r  a r r a y  (wh ich  I s  a f u n c t i o n  o f  i t s  o u t p u t  
c u r r e n t ,  temperature, and i n s o l a t i o n )  t o  t h e  cha rg ing  v o l t a g e  o f  t h e  b a t t e r y  
(which i s  a f u n c t i o n  o f  i t s  s t a t e - o f - c h a r g e ,  c h a r g i n g  c u r r e n t  a v a i l a b l e ,  tem-  
pe ra tu re ,  and pas t  cha rg ing  h i s t o r y ) .  T h i s  s o l i d - s t a t e  power and c o n t r o l  u n i t  
i n  t h e  v i l l a g e  and farmhouse systems has t h e  a b i l i t y  t o  match t h e  a r r a y  and 
b a t t e r y  v o l t a g e s  by p e r f o r m i n g  s e v e r a l  key f u n c t i o n s :  

( 1 )  I t  changes t h e  v a r y i n g  s o l a r  a r r a y  dc nominal  v o l t a g e  o f  210 V t o  t h e  
dc b a t t e r y  l e v e l  o f  112 V w i t h  90 t o  98 pe rcen t  e f f i c i e n c y .  

( 2 )  I t  u t i l i z e s  t h e  maximum power o u t p u t  o f  t h e  s o l a r  a r r a y  i n  o r d e r  t o  
improve system performance. 

( 3 )  I t  e l i m i n a t e s  t h e  need f o r  a separate s e r i e s  i s o l a t i o n  d iode  on each 
group o f  modules, thus reduc ing  e l e c t r i c a l  l o s s .  

( 4 )  I t  responds t o  t h e  b a t t e r y  s t a t e - o f - c h a r g e  (SOC) e s t i m a t o r  f o r  b a t t e r y  
charge c o n t r o l  f u n c t i o n s .  
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. 

( 5 )  It responds t o  manual c o n t r o l  f o r  d i s c o n n e c t i n g  t h e  s o l a r  a r r a y  f rom 
t h e  b a t t e r y .  

The MPC's s o l i d - s t a t e  c i r c u i t r y  p r o v i d e s  f o r  l o n g  l i f e ,  and I t s  modular 
des ign  f a c i l i t a t e s  r a p i d  f a u l t  d iagnosis  and r e p a i r .  

I n  t h e  water  pumping systems, the 
assembly by downconvert ing t h e  vo l tage  
v o l t a g e  o f  t h e  dc motor.  The motor vo 
op t im izes  t h e  o p e r a t i o n a l  speed o f  the 
motor v o l t a g e )  f o r  a g i v e n  l e v e l  o f  so 
c a l l y  s t a r t s  t h e  system a t  s u n r i s e  and 
o p e r a t i o n  o f  t h e  pumping. 

MPC couples t h e  a r r a y  t o  t h e  motor/pump 
o f  t h e  a r r a y  o u t p u t  t o  t h e  o p e r a t i n g  
tage  s e l e c t e d  by t h e  MPC i s  t h a t  which 
motor (motor speed i s  p r o p o r t i o n a l  t o  
a r  i n t e n s i t y .  The MPC a l s o  au tomat i -  
shuts  i t  down a t  sunset,  s i m p l i f y i n g  

B a t t e r y  Storage Subsystem 

The f u n c t i o n  o f  t h e  b a t t e r y  i n  a p h o t o v o l t a i c  system i s  t o  s t o r e  e l e c t r  
energy produced by t h e  s o l a r  a r r a y  for use when t h e r e  i s  low o r  no s o l a r  
energy. For p h o t o v o l t a i c  systems, b a t t e r i e s  must meet requi rements f o r  l o n g  
p e r i o d s  f o r  ope ra t i on ,  minimum malntenance, and ha rsh  environments.  I n  add l  
t l o n ,  t h e  recharge e f f i c i e n c y  must be h igh ,  and s e l f - d l s c h a r g e  must be low. 
F i n a l l y ,  t h e  a b i l i t y  o f  t h e  b a t t e r y  t o  f u n c t i o n  r e l i a b l y  a f t e r  extended 
p e r i o d s  o f  p a r t i a l  d i scha rge  I s  necessary. 

C 

The b a t t e r y  chosen f o r  t h i s  p r o j e c t  has l e a d  c a l c i u m  g r i d s  which p r o v i d e  
min imal  water  l o s s ,  h igh -cha rg ing  e f f i c i e n c y ,  and n e g l i g i b l e  s e l f - d i s c h a r g e .  
T h i s  b a t t e r y  a l s o  has excess e l e c t r o l y t e ,  which g i v e s  an i nc reased  c a p a c i t y ,  
lower f r e e z i n g  p o i n t ,  and reduced malntenance requi rements.  The s e l e c t e d  C 8, D 
t y p e  QP b a t t e r y  i s  a l s o  designed f o r  deep d a i l y  d i scha rge  s e r v i c e .  The v i l l a g e  
system u t i l i z e s  168 QP75-25 c e l l s  i n  t h r e e  s t r i n g s  o f  56 c e l l s  each. The 
b a t t e r y  s to rage  c a p a c i t y  I s  r a t e d  a t  360 kWh a t  120 V dc w i t h  a c a p a c i t y  o f  
250 amp-hours a t  t h e  16-hour discharge r a t e .  I n  t h i s  system, t h e  c e l l s  a r e  
ar ranged w i t h  s i x  t o  a t r a y .  

The groups o f  c e l l s  i n  each system a r e  assembled by u s i n g  Anderson- type 
qu ick -d i sconnec t  power connectors t o  f a c i l i t a t e  b a t t e r y  replacement i f  
r e q u i r e d .  The b a t t e r i e s  a re  connected t o  t h e  b a t t e r y  c o n t r o l  and d i s p l a y  box 
th rough  t h e  b a t t e r y  swi tchbox.  

B a t t e r y  Con t ro l  Subsystem 

B a t t e r y  cha rg ing  r e q u i r e s  proper charge c o n t r o l  and m o n i t o r i n g  t o  p reven t  
damage t o  t h e  b a t t e r y  and t o  maximize b a t t e r y  l i f e ,  w h l l e  m a i n t a i n i n g  system 
e f f i c i e n c y .  The b a t t e r y  c o n t r o l  subsystem i n c l u d e s  a s t a t e - o f - c h a r g e  (SOC) 
c o n t r o l l e r  which a l s o  c o n t i n u a l l y  d i s p l a y s  t h e  b a t t e r y  s t a t e - o f - c h a r g e  as a 
percentage on an LCD meter.  Th i s  m o n i t o r i n g  o f  t h e  SOC improves t h e  o v e r a l l  
b a t t e r y  system performance as i t  

(1) Increases b a t t e r y  l i f e  by decreas ing e l e c t r i c a l  s t r e s s  d u r i n g  c h a r g i n g  

( 2 )  Prov ides more useable b a t t e r y  c a p a c i t y  under v a r y i n g  demand and 
temperature c o n d i t i o n s  

1 3  



( 3 )  Increases system e f f i c i e n c y  w i t h  b e t t e r  use o f  a v a i l a b l e  s o l a r  i n p u t  

( 4 )  Prov ides accurate m o n i t o r i n g  of a v a i l a b l e  b a t t e r y  energy 

The major  components o f  t h e  v i l l a g e  b a t t e r y  c o n t r o l  subsystem a r e  t h e  
b a t t e r y  d i s p l a y  and c o n t r o l  box ( f i g .  12) ,  whlch i n c l u d e s  t h e  SOC meter,  and 
t h e  separate b a t t e r y  swi tchbox.  
o u s l y  m o n i t o r i n g  and a n a l y z i n g  t h e  a v a i l a b l e  energy f rom t h e  b a t t e r y  s to rage .  

The two boxes have t h e  c a p a b i l i t y  o f  c o n t i n u -  

The SOC o f  a b a t t e r y  i s  a f u n c t i o n  o f  t h e  b a t t e r y ' s  vo l tage ,  c h a r g i n g  
c u r r e n t ,  and temperature, and t h e  b a t t e r y ' s  p a s t  h i s t o r y .  
measures these  parameters and then  computes t h e  p resen t  SOC and t h e  optimum 
amount o f  e q u a l i z a t i o n  charge f o r  those p a r t i c u l a r  c o n d i t i o n s .  
performs t h e  f o l l o w i n g  f u n c t i o n s :  

The SOC c o n t r o l l e r  

The c o n t r o l l e r  

( 1 )  I n t e g r a t e s  c u r r e n t  f l o w  i n  and o u t  o f  t h e  b a t t e r y  t o  determine t h e  
b a t t e r y  SOC 

( 2 )  A c t i v a t e s  s t a t u s  l i g h t s  t o  i n d i c a t e  f u l l  charge, l o w - b a t t e r y  warn ing,  
and l o w - b a t t e r y  shutdown 

( 3 )  A c t i v a t e s  shutdown s i g n a l  when b a t t e r y  s t a t e - o f - c h a r g e  ( S O C )  reaches 
p r e s e t  l e v e l  

( 4 )  C o n t r o l s  overcharge a t  t h e  end o f  cha rg ing  c y c l e  

( 5 )  M o n i t o r s  b a t t e r y  temperature and v o l t a g e  t o  p reven t  excess ive b a t t e r y  
d i s c h a r g e  or overcharge 

The c o n t r o l  u n i t  works t o g e t h e r  w i t h  t h e  charge m o n i t o r i n g  u n i t .  The 
charge m o n i t o r  records t h e  n e t  charge i n t o  and o u t  o f  t h e  b a t t e r y  w h i l e  accumu- 
l a t i n g  t h e  i d e a l  amount o f  e q u a l i z a t i o n  charge t h e  b a t t e r y  w i l l  need a t  t h e  end 
o f  t h a t  charge cyc le .  
charge i s  g i v e n  t o  t h e  b a t t e r y  t o  r e c o n d i t i o n  i t  and p r o l o n g  I t s  l i f e .  

When energy i s  a v a i l a b l e ,  t h i s  amount o f  e q u a l i z a t i o n  

The i n f o r m a t i o n  s u p p l i e d  by t h e  charge m o n i t o r  i s  ac ted  upon by t h e  
c o n t r o l  u n i t .  Once t h e  b a t t e r y  d i scha rge  has reached a predetermined p o i n t ,  
t h e  c o n t r o l  c i r c u l t  w i l l  s i g n a l  t h e  ac l o a d  c o n t r o l  box ( f i g .  14) t o  shed a 
l o a d  s e c t o r .  Th i s  prevents  excess i ve  b a t t e r y  d i scha rge .  A t  t h e  o t h e r  extreme, 
t h e  c o n t r o l  w i l l  shut down t h e  M P C ' s  when t h e  b a t t e r y  i s  f u l l y  charged and 
s u f f i c i e n t  e x t r a  charge has been i n t r o d u c e d  i n t o  t h e  b a t t e r y  and gass ing has 
begun. Gassing s t i r s  t h e  e l e c t r o l y t e  b a t t e r y  and ensures f u l l  cha rg ing  o f  t h e  
b a t t e r y  p l a t e s .  The c o n t r o l  u n i t  and t h e  M P C ' s  opera te  I n  t h e i r  normal maximum 
power d e l i v e r y  mode when t h e  b a t t e r y  charge l i e s  between a f u l l  charge l e v e l  
and a p r e s e t  l o a d - c u t o f f  charge l e v e l .  

The SOC u n i t  p r o t e c t s  t h e  b a t t e r y  and i n s u r e s  a long, low-maintenance 
b a t t e r y  l i f e .  A l s o ,  i t  guards a g a i n s t  undercharg ing,  ove rcha rg lng ,  f o u l i n g  of 
t h e  b a t t e r y  p l a t e s ,  and s t r a t i f i c a t i o n  o f  t h e  b a t t e r y  e l e c t r o l y t e .  Over- 
cha rg ing  and undercharging, which make maintenance procedures more demanding 
and more f requen t ,  a r e  t h e  two main t h r e a t s  t o  t h e  l i f e  o f  t h e  b a t t e r y .  

I n  t h e  farmhouse system, t h e  SOC c o n t r o l l e r  i s  combined w i t h  t h e  maximum 
power c o n t r o l l e r  I n t o  one u n i t  as shown e a r l i e r  I n  f i g u r e  13. 
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Power C o n d i t i o n i n g  U n i t s  

A power c o n d i t i o n i n g  u n i t  (PCU) i s  b a s i c a l l y  an i n v e r t e r / t r a n s f o r m e r  
combinat lon which changes t h e  dc e l e c t r i c i t y  generated by t h e  s o l a r  a r r a y  and 
a v a i l a b l e  f rom t h e  b a t t e r y  i n t o  a p p r o p r i a t e  ac power. The v i l l a g e  system 
I n v e r t e r  (DECC No. 61313) was se lected t o  match t h e  v i l l a g e  requi rements w i t h  
maximum r e l i a b i l i t y  and minimum maintenance. T h i s  i n v e r t e r ,  r a t e d  a t  15 kVA, 
has a nominal  i n p u t  v o l t a g e  o f  112 V dc and a 220-V ac, 50-Hz s ing le-phase 
o u t p u t .  
v o l t a g e  o f  112 V dc and a 220-V ac, 50-Hz s ing le-phase o u t p u t .  

The farmhouse i n v e r t e r  i s  r a t e d  a t  2 kVA and a l s o  has a nominal i n p u t  

The v i l l a g e  PCU ( f i g .  15) i s  cooled by two b lowers.  A thermal  d e t e c t o r  i s  
i n s t a l l e d  i n s i d e  t h e  equipment cabinet .  I f  i n s u f f i c i e n t  c o o l i n g  i s  p r o v i d e d  
because o f  t h e  f a i l u r e  o f  a b lower ,  o r ,  i f  t h e  temperature exceeds a s e t  
va lue,  t h e  over temperature p r o t e c t i o n  c i r c u i t r y  p reven ts  damage t o  t h e  u n i t  by 
s h u t t i n g  i t  o f f .  
below 54.4 "C. 

The u n i t  r e s t a r t s  a u t o m a t i c a l l y  when t h e  temperature drops 

The i n p u t  power t o  t h e  PCU I s  c o n t r o l l e d  by c i r c u i t  breakers l o c a t e d  on 
t h e  b a t t e r y  box f r o n t  pane l .  The s o f t - s t a r t  c i r c u i t r y  l i m i t s  t h e  i n r u s h  
c u r r e n t  a t  t u rn -on  by t e m p o r a r i l y  e l e c t r i c a l l y  i n s e r t i n g  r e s i s t o r s  i n t o  t h e  
i n p u t  l i n e .  The r e s i s t o r s  a r e  bypassed a f t e r  app rox ima te l y  1 sec t o  a v o i d  
unnecessary power d i s s i p a t i o n .  

The PCU l o g i c  mon i to rs  t h e  i n v e r t e r  o u t p u t .  I f  an ove r load  c o n d i t l o n  i s  
sensed, t h e  o u t p u t  i s  c u r r e n t  l i m i t e d .  I f  t h e  ove r load  c o n d i t l o n  p e r s i s t s  f o r  
more than  10 sec, t h e  l o g i c  gates o f f  a l l  t h e  i n v e r t e r s  and generates an e r r o r  
i n d i c a t i o n  a t  t h e  f r o n t  panel .  
110 pe rcen t  o f  t h e  r a t e d  l o a d  c u r r e n t .  I t  can, however, p r o v i d e  150 pe rcen t  
o f  t h e  r a t e d  l o a d  c u r r e n t  on a t r a n s i e n t  b a s i s  (0.05 sec ) .  I f  t h e  PCU c u r r e n t  
l i m i t s  f o r  a p e r i o d  o f  more than  10 sec, o v e r c u r r e n t  d i sconnec t  c i r c u i t r y  w l l l  
t u r n  t h e  u n i t  o f f  and t h e  OVERCURRENT lamp on t h e  f r o n t  panel  w i l l  be I l l u m i -  
nated. 
undervo l tage  c o n d i t i o n  i s  sensed, the OVERCURRENT lamp i s  I l l u m i n a t e d ,  and t h e  
u n i t  shu ts  down and must be r e s e t  manually by means o f  t h e  RESET s w i t c h .  

The PCU p rov ides  c u r r e n t  l i m i t i n g  a t  

The o v e r c u r r e n t  d i sconnec t  must be r e s e t  manual ly .  When an o u t p u t  

A l t e r n a t i n g  Cur ren t  Load C o n t r o l  Box f o r  V i l l a g e  System 

The ac l o a d  c o n t r o l  box ( f i g .  14)  implements t h e  shedding o f  loads.  
C o n t r o l  s i g n a l s  t o  i n i t i a t e  l o a d  shedding by t h e  ac l o a d  c o n t r o l  box a r e  
p r o v i d e d  from t h e  b a t t e r y  c o n t r o l  and d i s p l a y  box. The ac l o a d  c o n t r o l  box i s  
e l e c t r i c a l l y  l o c a t e d  between t h e  i n v e r t e r  and t h e  ac loads.  The ac loads a r e  
d i v i d e d  i n t o  t h r e e  sec to rs ,  each o f  which can be i n d i v i d u a l l y  d isconnected as 
shown i n  f i g u r e  16. 

The b l o c k  diagram shows t h e  s p l i t t i n g  o f  loads by s e c t o r  and p r i o r i t y  so  
t h a t  s e l e c t i v e  l o a d  shedding by t h e  ac l oad  c o n t r o l  box can be implemented 
a u t o m a t i c a l l y .  The shedding scheme i n c l u d e s  d ropp ing  f i r s t  t h e  p r i o r i t y  3 
loads,  t hen  t h e  p r i o r i t y  2 loads, then t h e  p r i o r i t y  1 loads.  F i n a l l y ,  t h e  PCU 
I s  t u r n e d  o f f ,  and a l l  c o n t a c t o r s  drop ou t  t o  a v o i d  f u r t h e r  b a t t e r y  d i scha rge .  
S ince  t h e  s ta te -o f - cha rge  s i g n a l  i s  d e r i v e d  f r o m  an i n t e g r a t e d  charge, i t  i s  
n o i s e  f r e e  and can be ve ry  accu ra te l y  mon i to red  t o  achieve t h i s  d i s t r i b u t i o n  
c o n t r o l  s t r a t e g y .  
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Load s e c t o r s  can be d isconnected i n  two ways: (1) manua l l y  by u s i n g  t h e  
a p p r o p r i a t e  d isconnect  s w i t c h  l o c a t e d  on t h e  f r o n t  panel  o r  ( 2 )  a u t o m a t i c a l l y  
by means o f  t h e  b a t t e r y  c o n t r o l  and d i s p l a y  box commanding t h e  ac l o a d  c o n t r o l  
box t o  s e q u e n t i a l l y  shed l o a d  s e c t o r s  as t h e  b a t t e r y  s t a t e - o f - c h a r g e  f a l l s  
below a d j u s t a b l e  t h r e s h o l d  va lues.  The s e c t o r s  a r e  a u t o m a t i c a l l y  reconnected 
when t h e  b a t t e r y  s ta te-of -charge reads 10 p e r c e n t  over  t h e  t h r e s h o l d  va lue.  
T h i s  h y s t e r e s i s  prevents excess ive c y c l i n g .  The l o a d  d isconnect / reconnect  
sequence was i n i t i a l l y  designed f o r  t h e  f o l l o w i n g  s e t t i n g s :  

P r i o r i t y  Sector  S t a t e - o f - c h a r g e  S t a t e - o f - c h a r g e  
when when 

d isconnected,  reconnected, 
pe rcen t  pe rcen t  

3 R e s i d e n t i a l  50 
2 Comer  c 1 a 1 40 
1 Pub1 i c  30 

60 
50 
40 

Each l o a d  sector  I s  i n d i v i d u a l l y  mon i to red  by u s i n g  k i l o w a t t - h o u r  meters.  
Load s e c t o r  cu r ren ts  can a l s o  be mon i to red  by u s i n g  separate c u r r e n t  meters.  

M o n i t o r i n g  Equipment 

The phi losophy o f  t h e  m o n i t o r i n g  subsystem des ign  i s  t o  p r o v i d e  s u f f i c i e n t  
d a t a  f o r  determin ing two types o f  i n f o r m a t i o n :  ( 1 )  i ns tan taneous  q u a n t i t i e s  
t o  ensure t h a t  the system i s  work ing  p r o p e r l y  and ( 2 )  cumu la t i ve  q u a n t i t i e s  t o  
r e c o r d  t h e  amount o f  energy d e l i v e r e d  over a l o n g  p e r i o d  t o  measure system 
o v e r a l l  performance 

The f o l l o w i n g  s e c t i o n s  p resen t  a summary of t h e  m o n i t o r i n g  
I n s t r u m e n t a t i o n .  

V i l l a g e  power system. - The i n s t r u m e n t a t i o n  p r o v i d e d  w i t h  the  v i l l a g e  
power system prov ides f o r  dc/ac measurements as shown I n  t a b l e  V .  

The v i l l a g e  c o n t r o l  u n i t  has b u i l t - i n  t e s t  equipment which pe rm i t s  r a p i d  
system m a l f u n c t i o n  d i a g n o s l s .  Simply by t h e  t u r n  o f  a s e l e c t o r  swi tch,  t h e  
user can check b a t t e r y  s ta te -o f - cha rge ,  a r r a y  s t r i n g  v o l t a g e s ,  MPC o u t p u t  
c u r r e n t ,  b a t t e r y  vo l tage,  b a t t e r y  c u r r e n t ,  and a s e l f - t e s t i n g  measure. 

The v i l l a g e  b a t t e r y  d i s p l a y  and c o n t r o l  box c a l c u l a t e s  b a t t e r y  s t a t e - o f -  
charge and d i s p l a y s  t h e  f o l l o w i n g  system parameters:  

(1) B a t t e r y  s ta te -o f - cha rge  as a percentage o f  b a t t e r y  c a p a c i t y  f r o m  30 
t o  100 percent  ( f o r  s ta te -o f - cha rge  below 30 pe rcen t ,  a LO BATT 
i n d i c a t i o n  appears i n  t h e  d i s p l a y )  

( 2 )  Low-charge warn ing ( f o r  b a t t e r y  s ta tes -o f - cha rge  between 30 and 
50 pe rcen t ,  a y e l l o w  l i g h t  i s  I l l u m l n a t e d ;  f o r  s t a t e s - o f - c h a r g e  below 
30 pe rcen t ,  a red l i g h t  i s  i l l u m i n a t e d )  

( 3 )  B a t t e r y  output  bus v o l t a g e  

( 4 )  PV a r r a y  c u r r e n t  
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( 5 )  B a t t e r y  c u r r e n t  ( a  t symbol appears when t h e  b a t t e r y  I s  r e c e i v i n g  a 
n e t  charge) 

Each o f  t h e  s i x  maximum power c o n t r o l l e r s  ( M P C ' s )  can be manual ly  t u rned  
on o r  o f f  f rom t h e  f r o n t  o f  t h e  b a t t e r y  d i s p l a y  and c o n t r o l  box. Manual ON 
p r o v i d e s  f o r  maximum charg ing  up t o  the f i x e d  150-V MPC l i m i t .  Manual OFF 
t u r n s  o f f  t h e  MPC rega rd less  o f  b a t t e r y  s t a t u s .  There i s  a l s o  an A U I O  p o s i t i o n  
on t h e  MPC swi tches.  When swi tched t o  t h i s  p o s i t i o n ,  t h e  MPC p rov ides  automa- 
t i c  b a t t e r y  e q u a l i z a t i o n  and charge t e r m i n a t i o n  i n  response t o  t h e  s t a t e - o f -  
charge c a l c u l a t e d  by t h e  b a t t e r y  d i s p l a y  and c o n t r o l  box. 

Farmhouse power system. - The farmhouse power system i n s t r u m e n t a t i o n  
p r o v i d e s  f o r  t h e  measurements shown i n  t a b l e  V I .  

The farmhouse power system has a combined MPC and SOC c o n t r o l l e r  as shown 
i n  f i g u r e  13. I t  d i s p l a y s  t h e  f o l l o w i n g :  

(1) B a t t e r y  s ta te -o f - cha rge  as a f r a c t i o n  o f  f u l l  charge ( a  p l u s  s i g n  w i l l  
appear t o  t h e  l e f t  o f  t h e  number 1.00 when t h e  MPC i s  i n  i t s  e q u a l i z a -  
t i o n  mode, r e c o n d i t i o n i n g  the b a t t e r y )  

( 2 )  A red  b a t t e r y - c h a r g e  warning l i g h t ,  which i s  i l l u m i n a t e d  when t h e  
b a t t e r y  charge i s  low enough t o  n e c e s s i t a t e  d i s c o n n e c t i n g  a l l  loads 

( 3 )  A y e l l o w  b a t t e r y - c h a r g e  warning l i g h t ,  which i s  i l l u m i n a t e d  when t h e  
b a t t e r y  charge approaches the l o a d  d i sconnec t  va lue  and when energy 
should be conserved 

The combined MPC and SOC c o n t r o l l e r  a l s o  has a l oad  c o n t r o l  s w i t c h  which 
d i sconnec ts  t h e  l oad  bus when i n  the OFF p o s i t i o n .  When i n  t h e  ON p o s i t i o n ,  
t h e  l o a d  bus i s  c o n t r o l l e d  by t h e  s t a t e - o f - c h a r g e  u n i t .  The s w i t c h  i s  l o c a t e d  
on t h e  f r o n t  panel .  The c o n t r o l l e r  u t i l i z e s  a t h e r m i s t o r  t o  sense b a t t e r y  
temperature f o r  overcharge r e g u l a t i o n .  

Water pumping systems. - The t w o  PV-powered water  pumping systems a r e  
l o c a t e d  a t  t h e  farmhouse orchard and a t  a remote greenhouse. 1-he pump near 
t h e  farmhouse i s  used f o r  t h e  i r r i g a t i o n  o f  a hec ta re  o f  f r u i t  t r e e s .  The 
greenhouse pump i s  used f o r  vegetable i r r i g a t i o n .  Both systems a r e  i d e n t i c a l ,  
w i t h  e l e c t r i c i t y  go ing  d i r e c t l y  t o  the dc motor w i t h  no b a t t e r y  s to rage  and no 
i n v e r t e r .  

I n  t h e  case o f  t h e  greenhouse pump system, t h e  des ign  i s  based upon t h e  
need f o r  i r r i g a t i o n  as w e l l  as f o r  water s torage.  I n  t h e  case o f  t h e  f r u i t  
t r e e s  pump system, t h e  des ign i s  based upon t h e  average d a i l y  need o f  t he  
t r e e s .  

The a r r a y  f o r  each system i s  composed o f  4 2  modules hav ing  a t o t a l  
c a p a c i t y  o f  1 . 4 3  kWp. 
app rox ima te l y  2 4 . 4  m. The PV system i s  designed t o  produce t h e  maximum amount 
o f  wa te r  based on nominal average i n s o l a t i o n .  

The r e q u i r e d  f l o w  r a t e  i s  132 l i t e r / m i n  a t  a head o f  

The pumping system i s  composed o f  t h e  P V  a r r a y  coupled t o  a motor/pump 
assembly th rough  a power c o n t r o l  system which i n c l u d e s  a maximum power 
c o n t r o l l e r .  The e l e c t r o n i c  c i r c u i t s  i n  t h e  power c o n t r o l  system t r a c k  t h e  
maximum power p o i n t  of t h e  a r r a y  and o p t i m i z e  t h e  power g o i n g  t o  t h e  motor .  
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The permanent magnet high-efficiency direct current pump motor is 
specially adapted to match the pump system. 
is operated at a variable speed according to the amount of sunlight available. 
The motor is mounted vertically on top of the pump (fig. 17). and the motor 
shaft is coupled to the pump shaft. 

For this type of system, the motor 

The pump is a 26-stage vertical turbine pump with a steel shaft, bronze 
impellers, and a cast iron discharge head. 
Floway. Water enters the pump, is pushed upward by the rotating action of the 
impellers, and exlts above ground level through the discharge head to be piped 
to site location for use. 

It is manufactured by Peabody 

When the OFF/ON switch is in the ON position, the system is regulated 
automatically. 
verting the voltage of the array output to the operating voltage of the dc 
motor. 
to 25 percent of full (noontlme) sunlight) and shuts down shortly before sunset 
(again at about 20 to 25 percent of full (noontime) sunlight). 

The array is coupled to the motor/pump assembly by downcon- 

The system starts up automatically shortly after sunrise (at about 20 

Both irrlgatlon systems contain cumulatlve flowmeters to measure water 
delivered by the system. 

INSTALLATION AND OPERATION 

All site preparation and local construction, including the battery storage 
and electrical control bullding, the PV array foundations and understructure, 
and the distrlbutlon grqd, were completed by STEG or STEG contractors prior to 
the Installation of the U.S.-procured hardware. Also, the two wind-powered 
water pumpers, which were designed and manufactured in Tunisia, the three 
special greenhouses with thermal storage walls, and the solar hot water system 
for the village clinic were completed before the PV systems were lnstalled. 
Llke the wlnd-powered water pumpers, the greenhouses and solar hot water 
systems were constructed by using local materials and host-country skllls. 

Installation of the PV systems took place during January and February 
1983. 
of Solar Power Corp., NASA, and STEG personnel. Local asslstance was also 
provided by the vlllagers in many aspects o f  the installation. 
27-kWp power system was Installed at the east end of the village adjacent to 
the main road (figs. 18 and 19). 
installed on a farm located just south of the vlllage, but too distant to be 
connected to the village grid (flg. 20). A separate 1.4-kWp system was 
installed on the same farm to pump water for a drip irrigation system used for 
a new orchard of young fruit trees (fig. 21). The fourth PV system was 
installed on a farm northwest of the village to pump water for irrigation of 
greenhouse crops (fig. 22). 
amount of commonallty ln order to reduce the crltical spare parts inventory 
required and to slmplify the operation and maintenance procedures. 

Four separate and independent systems were installed by a team composed 

The vlllage 

The 1.4-kWp system for a farmhouse was 

The four systems were designed to have the maximum 

All four systems were in an initial operational status by February 5, 
1983. 
button grid so that the system could be checked out and on-site acceptance 
tests could be performed. 
lights in each of the residences, In the school, and in the other public and 

Electrical power from the PV system was supplied to the village distrl- 

The initial village loads consisted of fluorescent 
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commercial sector buildings, together with a few TV's and radios, and the 
medical refrigerator in the clinic. During the checkout operation by the 
contractor, both the village and farmhouse inverters shut down automatically 
and could not be reactivated under normal load conditions. The cause of the 
village inverter shutdown was a high-input voltage condition that occurred 
inadvertently during the checkout operation. This resulted in damage to 
integrated circuits contained in the inverter logic module. The contractor 
was subsequently able to obtain the necessary parts from a Tunisian electronics 
supply store and repair the unit in the field. The farmhouse Inverter problem 
was not correctable In the field, and the entire chassis was replaced by the 
U . S .  supplier. The water pumping systems experienced no startup problems. 

Following correction of the inverter problems and other minor problems 
normally associated with new system startups, the four PV systems passed 
acceptance tests on March 19, 1983. During the startup and acceptance phase, 
Tunisian technicians and engineers were trained i n  the operation, maintenance, 
and troubleshooting procedures for the systems. Project support was also pro- 
vided by the U . S .  Peace Corps. The Peace Corps provided two volunteers who 
lived in the village for 2 years and assisted i n  the introduction of new agri- 
cultural methods (e.g., greenhouse farming and d r i p  irrigation). They also 
assisted tn teaching energy conservation in conjunction with the limited energy 
aspects of the solar energy systems. 

During the first 3 months of operation after final acceptance, some elec- 
trical problems were encountered with the controls and power conditioning of 
the ac systems. Primarily, these problems were concentrated i n  the maximum 
power controllers, the battery state-of-charge regulator, and the PC unit. 
Since June 1983, the village power system has operated continuously without an 
unintended interruption of servlce. Aside from a direct lightning strike on 
one of the PV-powered water pumping systems, the water systems have worked 
trouble free. There have been, however, additional problems with the farmhouse 
inverter, some of which may have been caused by wiring problems in the 
farmhouse. 

In accordance with the project plan, systems operation is performed by 
the Tunisians in order for them to become familiar with and gain experience 
from the solar technologies being demonstrated. Their responsibility includes 
recording, reducing, and analyzing the technical performance data. In addition 
to the instrumentation provided to monitor the PV systems performance, a small 
meterological station was installed in the village PV array field to monitor 
solar insolation, air temperature, wind speed and direction, and barometric 
pressure. STEG has been monitoring system performance as part o f  the ongoing 
project evaluation process. When the project was Initiated, a 2-year demon-- 
stration phase was planned by STEG and U . S .  AID during which time the solar 
technologies would be evaluated from social, economic, and technical view- 
points. The reader is referred to STEG for any information regarding the 
technical as well as social aspects of the solar energy applications. 

COST CONSIDERATIONS 

Cost effectiveness, per se, was not a primary factor in implementing the 
solar technology demonstrations at Hammam Biadha Sud. No cost analyses were 
conducted to compare types of solar technologies or combinations of technol- 
ogies i n  order to select the most economical approach for supplying electric 
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power t o  t h e  v i l l a g e r s .  
would be more economlcal t han  a s tand-a lone s o l a r  energy system was n o t  a t  
i s s u e .  The d e c i s i o n  t o  demonstrate s o l a r  energy techno log ies  f o r  r u r a l ,  a g r i -  
c u l t u r a l  a p p l i c a t i o n s  had a l r e a d y  been e s t a b l i s h e d  i n  t h e  p r o j e c t  paper and 
t h e  p r o j e c t  g r a n t  agreement ( A I D  P r o j e c t  No. 664-0325) when NASA was requested 
t o  manage t h e  p r o j e c t  implementat lon phase w i t h  STEG. S p e c i f i c a t i o n s  and 
requi rements evolved from t h e  conceptual  s tage  t o  t h e  f i n a l  des ign  stage. The 
g u i d e l i n e s  g i v e n  NASA were t o  p r o c u r e  t h e  l a r g e s t  system ( w l t h i n  budgetary  
c o n s t r a i n t s )  t h a t  ( 1 )  a l l owed  f o r  as many as p o s s i b l e  o f  t h e  v l l l a g e r s  t o  
b e n e f l t  f r om t h e  s e r v l c e  ( i . e . ,  assume 100-percent  p a r t i c i p a t i o n  I n i t i a l l y ) ,  
( 2 )  i n c l u d e d  some al lowance f o r  p o p u l a t i o n  growth (e.g. ,  10 pe rcen t  per  year 
f o r  t h e  f i r s t  3 years),  ( 3 )  p r o v i d e d  t h e  same e l e c t r i c a l  c h a r a c t e r i s t i c s  as 
t h e  n a t i o n a l  g r i d  ( i . e . ,  220 V,  50 Hz, s i n g l e  phase), and ( 4 )  s t ressed  system 
r e l i a b i l i t y  and component r e p a i r a b i l i t y  i n  t h e  f i e l d .  The reason f o r  t h e  l a s t  
requi rement  was t o  ensure maxlmum system a v a i l a b i l i t y ,  s i n c e  t h e  demonstrat ions 
were aimed a t  p r o v i d i n g  t h e  Tun is ians  w i t h  d i r e c t  exper lence and hardware 
f a m l l l a r i z a t i o n  I n  t h e  event  t h e  s o l a r  t e c h n o l o g i e s  became c o s t  e f f e c t l v e  and 
were found s u i t a b l e  t o  meet s p e c i f i c  f u t u r e  needs o f  t h e  c o u n t r y .  

For example, whether e x t e n s i o n  o f  t h e  n a t i o n a l  g r i d  

An a t tempt  has been made, however, t o  determine t h e  c o s t  pe r  peak w a t t  f o r  
a r e p l l c a t l o n  o f  the v l l l a g e  PV power system. The r e p l l c a t l o n  c o s t s  exc lude 
a l l  c o s t  elements o f  a f i r s t - o f - a - k i n d  na tu re ,  exper imen ta l  c o s t  elements 
(e.g. ,  e x t r a  i n s t r u m e n t a t l o n ) ,  p r o j e c t  management, and t r a i n i n g  c o s t s .  Some 
development c o s t s  could n o t  be a c c u r a t e l y  d e f l n e d  because o f  t h e  way c o s t  
i n f o r m a t i o n  was repo r ted  by t h e  c o n t r a c t o r .  A l so  excluded were t h e  s i t e  prepa- 
r a t l o n  and s e r v i c e s - i n - k i n d  c o n t r l b u t i o n s  o f  t h e  h o s t  c o u n t r y .  

The PV module cos ts  were $11.00 per  peak w a t t  f r e e  on board ( F O B )  f r o m  t h e  
f a c t o r y .  The balance o f  systems (BOS) c o s t s  were approx ima te l y  $15 pe r  peak 
w a t t ,  based on t h e  above e x c l u s l o n s .  The t o t a l  system c o s t  o f  $26 pe r  peak 
w a t t  f o r  t h e  Hammam Bladha PV system I s  compared w l t h  o t h e r  PV a p p l i c a t l o n s  I n  
t a b l e  V I I ,  wh lch I s  reproduced f rom r e f e r e n c e  2. 

The es t lma ted  annual energy consumption a t  Hammam Biadha i s  app rox ima te l y  
20 000 kWh. According t o  r e f e r e n c e  3, t h e  c o s t  break-even p o i n t  f o r  a PV 
system c o s t i n g  $20 pe r  peak w a t t  (1982 d o l l a r s )  occurs a t  6000 kWh o r  l e s s  when 
compared w l t h  a s m a l l  4-kVA d l e s e l  genera to r .  For an annual  energy consumption 
o f  20 000 kWh, t h e  PV energy c o s t  would have t o  be l e s s  than  $1.00 pe r  kWh t o  
compete w i t h  d lese l -genera ted  power. I n  comparison, by c o n s i d e r i n g  o n l y  t h e  
c a p l t a l  c o s t  and by assumlng a 20-yr  l j f e t i m e ,  t h e  PV-generated e l e c t r i c i t y  
c o s t s  over $2.00 per kWh f o r  a r e p l l c a t e d  Hammam Bladha system. 
i n f o r m a t i o n  on PV, d l e s e l ,  and h y b r l d  PV-diesel system comparisons, t h e  reader  
i s  r e f e r r e d  t o  re fe rence  4. 

For a d d i t i o n a l  

CONCLUDING REMARKS 

Severa l  s o l a r  energy systems i n c l u d l n g  pass i ve  thermal  energy, wind, s o l a r  

The systems, which a r e  p a r t  o f  a demons t ra t i on  o f  renewable energy a p p l l -  
h o t  water ,  and p h o t o v o l t a l c s  were i n s t a l l e d  a t  t h e  v l l l a g e  o f  Hammam Biadha 
Sud. 
c a t i o n s  t o  meet the needs o f  a r u r a l  a g r i c u l t u r a l  community, have been i n  
o p e r a t i o n  f o r  more than 40 months. 

I n l t l a l  r e a c t i o n  t o  t h e  s o l a r  energy a p p l i c a t i o n s  has been p o s l t l v e .  How- 
ever ,  these demonstrat ions rep resen t  o n l y  a smal l  s t e p  I n  d e t e r m l n i n g  t h e  
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m e r i t s  o f  u s i n g  a l t e r n a t i v e  energy resources i n  a s s i s t i n g  t h e  development and 
i n  improv ing  t h e  q u a l i t y  o f  l i f e  i n  r u r a l  T u n i s i a .  A more thorough e v a l u a t i o n  
of t h e  s p e c i f i c  a p p l i c a t i o n s  a t  Hamnam Biadha w i l l  r e q u i r e  a f o l l o w u p  study o f  
t h e  economic and s o c i a l  impact o f  the s o l a r  e l e c t r i c  system on t h e  v i l l a g e  as 
w e l l  as a s tudy o f  t h e  va lue  and a p p l i c a b i l i t y  o f  t h e  d r i p  i r r l g a t i o n  and 
greenhouse fa rm ing  techniques t o  the  l o c a l  f a r m  r e g i o n .  O f  p a r t i c u l a r  i n t e r e s t  
i s  whether t h e  v i l l a g e r s  w i l l  cont inue t o  be s a t i s f i e d  w i t h  an e n e r g y - l i m i t e d  
power source as t h e i r  annual energy consumption approaches t h e  system l i m i t .  

As  t h e  T u n i s i a n  engineers and t e c h n i c i a n s  become e x p e r t  i n  t h e  a p p l i c a t i o n  
o f  t h e  techno log ies  th rough  system operat ion,  t h e  system r e l i a b i l i t y  and long -  
te rm maintenance requi rements w i l l  be i m p o r t a n t  f a c t o r s ,  a l o n g  w i t h  t h e  s o c i o -  
l o g i c a l  and economic c o n s i d e r a t i o n s ,  i n  d e t e r m i n i n g  t h e  l i m i t a t i o n s  and va lues 
o f  s e l e c t e d  renewable energy techno log ies .  I t  i s  hoped t h a t  t h e  r e s u l t s  o f  
t h i s  demons t ra t i on  p r o j e c t  w i l l  a s s l s t  T u n i s i a n  p lanners  i n  t h e  d e t e r m i n a t i o n  
o f  when, where, and i f  renewable energy systems should be i n t r o d u c e d  i n t o  t h e i r  
r u r a l  development programs. 
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TABLE I .  - MAJOR S Y S l E M  COMPONENT 

System/subsystem 

V i l l a g e  P V  system 
Farmhouse PV system 
Water pumplng PV system 
So lar  h o t  water  system ( c l l n l c )  
So la r  h e a t i n g  system ( d e l e t e d )  
Wlnd-powered pumping system 
So lar  greenhouses 

SOURC€ AND RESPONSIBILIlY 

U.S. 
U.S. 
U.S. 

T u n l s l a  
T u n l s l a  
T u n l s l a  
T u n i s i a  

NASA 
NASA 
NASA 
STEG 
STEG 
STEG 
STEG 

TABLE 11. - VILLAGE OESIGN LOAD PROFILE 

[Numbers I n  parentheses represent  t h e  number o f  u n i t s  I n  each 
sec to r .  ] 

Commercial sec to r  
(Two s to res ,  m i l l .  h a i r d r e s s e r )  

L l g h t s  (11 )  
R e f r l g e r a t o r s  ( 2 )  

Subto t a  1 

Domestlc sec to r  
( 2 2  homes) 

L i g h t s  (91)  
R e f r l g e r a t o r s  (13 )  
Te lev i s lons  (18 )  

Sub to ta l  

Pub l l c  sec to ra  
( C l l n l c .  school ,  mosque, c u l t u r a l  
cen te r ,  pump) 

L i g h t s  (57)  
R e f r l g e r a t o r s  ( 3 )  
Medical  r e f r l g e r a t o r  ( 1 )  
Te lev i s lons  ( 3 )  
pump ( 1 )  

Sub to ta l  

T o t a l  

K l l o w a t t  hours pe r  day 

Spr lng  

0.74 

4.25 
3.51 

10.92 
20.91 

33.73 

10.76 
6.68 
0.75 
0.24 
1 . 5 0  

19.93 

57.91 

Summer 

0.60 
4.66 
5.26 

4.96 
29.89 

1.90 
36.75 
-- 

2.22 
4.61 
0.75 
0.10 
-- 1.09 
8.77 

50.78 

Fa1 1 

0.74 
3.51 
4.25 
-_ 

10.92 
20.91 

1.90 
33.73 
-. __ 
- 

10.76 
6.68 
0.75 
0.24 
1.04 

19.47 
- -  

57.45 - 

Winter  

1.18 
2.02 
3.20 

14.88 
11.98 

28.76 
1.90 

11.56 
3.86 
0.75 
0.24 
1.15 

17.56 

49.52 

aOoes n o t  i n c l u d e  c o f f e e  shop, whlch was added a t  l a t e r  da te .  



TABLE 111. - DAILY AVERAGE ac ENERGY OUTPUTSa 

Month V i l l a g e  system, 
o f  y e a r  kWh/day 

January 
F e b r u a r y  
March 
A p r i l  
May 
June 
J u l y  
August 
September 
October 
November 
December 

6 7 . 4  
8 1 . 3  
8 9 . 0  

1 0 3 . 4  
1 1 4 . 7  
1 1 6 . 4  
1 1 9 . 0  
1 0 8 . 5  
1 0 1 . 2  

8 4 . 1  
1 2 . 3  
6 4 . 8  

Farmhouse, 
kWh/day 

3 . 4  
4 . 1  
4 . 4  
5 . 1  
5 . 8  
5.8 
6 . 0  
5.5 
5 . 0  
4 . 2  
3 . 6  
3 . 3  

aBased on an average i n v e r t e r  e f f l c l e n c y  
o f  8 0  p e r c e n t .  

TABLE I V .  - FARMHOUSE DESIGN LOAD PROFILE 

K i l o w a t t  hours p e r  day 

L i g h t s  ( 5 )  
R e f r i g e r a t o r  ( 1 )  



TABLE V .  - VILLAGE SYSTEM I N S l K U M E N T A l I O N  

Ins t rumen ta t i on  

Maximum power c o n t r o l l e r  

I n s t r u m e n t a t i o n  

Each o f  t h e  s i x  M P C ' s  

Ba t te ry  d i s p l a y  and c o n t r o l  box 

dc /ac Measurements 

Ar ray  I n p u t  v o l t a g e  by s t r l n g  
MPC o u t p u t  c u r r e n t  by s t r i n g  
B a t t e r y  v o l t a g e  
B a t t e r y  c u r r e n t  
B a t t e r y  s ta te -o f - cha rge  

Ba 

ac 

t e r y  sw i t ch  

Load c o n t r o l  box 

I n v e r t e r  

dc/ac Measurements 

Ar ray  s t r i n g  i n p u t  vo l tage  by s t r i n g  
Ar ray  s t r i n g  c u r r e n t  by s t r i n g  

B a t t e r y  v o l t a g e  
B a t t e r y  c u r r e n t  
Ar ray  cha rg ing  c u r r e n t  
B a t t e r y  s t a t e - o f - c h a r g e  
LCD d i s p l a y  o f  t h e  b a t t e r y  

s ta te -o f - cha rge  

Vo l tage o f  each o f  t he  b a t t e r y  s t r  
Cur ren t  o f  each o f  t h e  b a t t e r y  s t r  

Output c u r r e n t  by v i l l a g e  sec to r  
Cumulat lve kWh by v i l l a g e  sec to r  
Load shedding s t a t u s  i n d i c a t o r s  

I n v e r t e r  ou tpu t  v o l t a g e  
I n v e r t e r  ou tpu t  c u r r e n t  

PCU ( i n v e r t e r )  ac Vo l tage 
ac Cur ren t  

I 



TABLE V I I .  - COST BREAKDOWN F O R  PV SYSTEM FIELD TESTS 

[From r e f .  2.1 

10 

8 

8 

10 
10 

11 

Appl  l c a t l  on 

21 

22 

24 

21 
1 0  

15 

Med ica l  systems 

Remote s a t e l l i t e  
E a r t h  s t a t i o n  

V l l l a g e  power 

Communl t y  s e r v l c e s  
General  purposes 
Water pumplng 

V l l l a g e  power 
(Hammam Biadha) 

System s l z e .  
kW (peak)  

1 .4  

1 .6  

8.0 

5 .4  
6.4 

33 

c o s t ,  * T o t a l  

31 

30 

32 

31 
20 

26 
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FIGURE 1. -  MAP OF T U N I S I A  'iHOWING LOCATION OF HAMMAM BIAOHA. 
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FIGURE 7.- PUMPING SYSTEM COMPONENTS. 
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( A )  CLOSED. (B) OPEN. 

FIGURE 11. - VILLAGE MAXIMUM POWER CONTROL U N I T .  
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FIGURE 12. - VILLAGE BATTERY DISPLAY AND CONTROL U N I l  

FIGURE 13. - FARMHOUSE MAXIMUM POWER CONTROL U N I T .  
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FIGURE 17.- VERTICAL TURBINE PUMP. 



FIGURE 18. - PHOTOVOLTIAC ARRAY F I E L D ,  27 KWp VILLAGE POWER SYSTEM. 

FIGURE 19. - BATTERY AND CONTROL B U I L D I N G .  



FIGURE 20. - THE 1.4-KWp STAND-ALONE Pv SYSTEM FOR FARMHOUSE 

~ ~~ 

FIGURE 21. - THE 1.4-KWp PV-POWERED WATER PUMPING SYSTEM FOR ORCHARD I R R I G A T I O N .  



FIGURE 22. - THE 1.4-KWp Pv SYSTEM FOR GREENHOUSE 
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